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INTRODUCTION 

Recently,  our  laboratory  has  provided  evidence  that  the  function  of  the  Hippo  pathway  is  evolutionary 
conserved  in  mammals  and  demonstrated  that  inactivation  of  Hippo  signaling  in  mice  leads  to  dramatic  organ 
size  overgrowth  and  cancer.  Our  preliminary  findings  indicate  that  downregulation  of  Merlin  in  human  cells 
induces  a  potent  activation  of  Yap  1-  (the  mammalian  homologue  of  Yorkie)  reporter  genes.  Additionally,  others 
have  shown  that  Yapl  is  preferentially  nuclei-localized,  and  therefore  active,  in  mesothelioma  cells  carrying 
NF2  mutations.  Thus,  based  on  previous  studies  and  our  preliminary  data,  we  hypothesize  that  Yapl  activity 
is  critical  for  the  growth-suppressing  activity  of  Merlin,  and  that  down-modulation  of  Yapl  function 
might  constitnte  a  novel  therapeutic  approach  for  the  treatment  of  neurofibromatosis  and  other  NF2-null 
tumors. 

Two  specific  aims  are  proposed.  In  Aim  1 ,  we  will  test  whether  ablation  or  reduction  of  Yapl  activity 
suppresses  Aj^-null  phenotypes  in  vivo.  Our  laboratory  has  generated  mice  carrying  hypomorphic  and 
conditionally  null  Yapl  alleles  and  we  will  test  whether  these  mutations  result  in  the  suppression  of  overgrowth 
phenotypes  caused  by  the  tissue  specific  disruption  of  NF2  in  mice.  In  aim  2,  we  will  attempt  to  identify  novel 
proteins  and  small  molecules  that  negatively  regulate  Yapl  activity.  Our  laboratory  has  developed  a  set  of  cell 
lines  carrying  transcriptional  based-reporters  of  Yapl  activity.  These  reporter  cell  lines  will  be  used  to  perform 
genome-wide  RNAi  and  small  molecule  screens  with  the  objective  of  finding  novel  modulators  of  Yapl 
function.  We  believe  that  results  obtained  from  these  studies  have  the  potential  to  unravel  an  entirely  novel  set 
of  therapeutic  targets  for  the  treatment  of  NF2-deficient  tumors. 

BODY 

Over  the  initial  year  of  our  project  we  generated  novel  cell  lines  carrying  the  TEAD-based  Hippo  signaling 
reporters  with  an  increased  dynamic  range  of  reporter  activity  (See  appendix  for  attached  manuscript).  The 
screens  performed  utilized  small  interfering  (si)-RNAs  technology  for  gene  knockdown.  After  extensive  testing 
of  different  siRNA  and  shRNA  reagents,  we  concluded  that  the  siRNA-based  Silencer  Select  oligos  from 
Ambion  provided  the  most  efficient  knockdown  at  the  lowest  concentrations  with  the  minimal  off-target  effects. 
Additionally,  preliminary  tests  indicated  that  siRNA-mediated  knockdown  of  known  molecules  involved  in 
Hippo  signaling  resulted  in  a  much  higher  signal-to-noise  ratio  than  that  obtained  with  shRNAs  against  the 
same  genes.  With  these  new  cell  lines  and  siRNA  reagents,  we  performed  two  targeted  genetic  screens.  We 
have  initially  chosen  to  screen  siRNA  libraries  against  the  human  kinome  and  phosphatomes.  These  collections 
encompass  710  kinases  and  298  phosphatases,  with  3  siRNA  oligos  per  gene.  The  screens  have  been  performed 
in  triplicate  in  96-well  plates  with  a  cell  line  that  carries  a  TEAD-reporter  driving  an  mCherry  reporter  gene. 
Analysis  of  reporter  output  was  done  4  days  after  transfection  using  high-throughpuot  EACS  analysis. 

Eollowing  the  first  round  of  screening  and  secondary  validation,  we  have  identified  approximately  40  kinases 
and  phosphatases  that  robustly  modulate  Hippo  and  YAP  signaling.  16  of  these  hits  have  been  validated  with 
independent  siRNAs.  Some  of  these  molecules  activate,  and  others  negatively  regulate  YAP  activity.  We  are 
have  characterized  the  mechanism  of  action  of  these  hits  by  analyzing  the  effects  of  siRNA  knockdown  on 
Yapl  localization  and  phosphorylation  (see  Appendix  for  attached  manuscript).  Eor  a  subset  of  these  hits  (Lkbl 
and  JNK-related  molecules)  we  have  performing  biochemical  and  genetic  epistatic  experiments  to  determine 
putative  interactions  with  known  components  of  Hippo  signaling.  Multiple  other  pathways  have  also  been 
discovered  to  be  involved  in  YAP  activation.  We  have  found  that  a  known  tumor  suppressor  gene,  known  as 
LKB 1  is  a  crucial  component  of  the  Hippo  pathway,  which  functions  downstream  of  Merlin  signaling.  LKB 1 ,  is 
a  common  tumour  suppressor  whose  mechanism  of  action  is  only  partially  understood.  We  demonstrated  that 
LKB  1  acts  through  its  substrates  of  the  microtubule  affinity -regulating  kinase  family  to  regulate  the  localization 
of  the  polarity  determinant  Scribble  and  the  activity  of  the  core  Hippo  kinases.  Our  data  also  indicate  that  YAP 
is  functionally  important  for  the  tumour  suppressive  effects  of  LKB  1 .  Our  results  identified  a  signalling  axis 
that  links  YAP  activation  with  LKBl  mutations,  and  have  implications  for  the  treatment  of  LKB  1 -mutant 
human  malignancies.  In  addition,  our  findings  provide  insight  into  upstream  signals  of  the  Hippo-YAP 
signalling  cascade.  This  work  has  been  recently  published  (Mohseni  et  al,  Nat  Cell  Bio  2014) 


In  parallel  over  the  first  2  years  of  our  work,  we  have  generated  and  characterized  TEAD-reporter  cell  lines  that 
carry  a  firefly  luciferase  and  optimized  our  screen  conditions  to  384-well  plates  and  liquid-robotic  and  have 
began  genome-wide  screens.  Over  months  6-12  of  this  award  we  had  finalized  the  first  pass  of  a  genome-wide 
siRNA  screen  aimed  at  identifying  new  Hippo  pathway  regulators.  Two  screens  were  performed:  the  first  one  in 
which  293T  cells,  which  at  baseline  demonstrate  low  basal  pathway  activity,  looking  for  genes  whose 
knockdown  activated  YAPl  activity,  and  a  screen  in  Nf2-deficient  293T  cells,  where  baseline  reporter  is  high 
and  relevant  knockdowns  will  induce  reporter  downregulation.  This  screen  was  performed  in  triplicate  using 
25,000  different  oligos.  The  screens  had  to  be  repeated  in  a  different  cell  line  because  of  a  initially  poor  signal- 
to-noise-ratio.  After  the  finalization  of  the  optimized  screen  approximately  1000  ‘hits’  have  been  selected  as 
positive.  In  the  past  year,  we  have  validated  these  1000  hits  using  a  secondary  screen  in  a  different  cell  line 
carrying  the  reporter.  Approximately  200  hits  have  been  successfully  confirmed.  Current  work  is  aimed  at 
dissecting  the  biology  and  relevance  of  these  hits  to  NF2- mutant  tumors.  A  publication  is  currently  being 
prepared  that  will  describe  the  screen  and  also  the  characterization  of  these  hits. 

In  regards  to  our  animal  work  proposed  in  aim  1  of  our  application,  wee  currently  have  generated  mouse  lines 
required  to  assess  whether  YAP  deficiency  (either  in  a  heterozygous  or  homozygous  state)  can  rescue  tumor 
growth  in  NF2  mutant  mice  in  the  context  of  mesothelioma.  We  have  already  established  the  Adenoviral 
injections  into  the  thorax  of  animals  and  using  reporter  strains,  we  have  demonstrated  that  we  can  infect 
mesothelial  tissue.  We  have  obtained  preliminary  evidence  of  tumor  initiation  in  mice  with  the  genotypes 
NF2f/f  p53f/f  that  also  carry  wild  type,  f/-i-,  or  f/f  alleles  for  YAP.  These  experimental  are  currently  being 
analyzed  and  tumor  progression  and  survival  are  being  measured.  As  mentioned  in  our  previous  report,  we  have 
been  unable  to  obtain  PO-Cre  mice  that  carry  homozygous  YAP  conditional  alleles.  The  reason  behind  this  is 
unclear.  We  believe  that  the  PO-Cre  transgene  is  likely  located  in  the  same  chromosome  as  YAP. 

In  another  line  of  research  that  emerged  from  our  screens,  over  the  past  year,  we  have  identified  and 
characterized  a  novel  regulator  of  YAP  activity.  This  protein  is  called  p72  and  represents  a  novel  link  between 
YAP  and  microRNA  processing.  Global  downregulation  of  microRNAs  (miRNAs)  is  commonly  observed  in 
human  cancers  and  can  have  a  causative  role  in  tumorigenesis.  The  mechanisms  responsible  for  this 
phenomenon  have  remained  until  now  poorly  understood.  We  have  shown  now  that  YAP  regulates  miRNA 
biogenesis  in  a  cell-density-dependent  manner,  and  that  this  is  dependant  on  NF2.  At  low  cell  density,  nuclear 
YAP  binds  and  sequesters  p72  (DDX17),  a  regulatory  component  of  the  miRNA-processing  machinery.  At  high 
cell  density.  Hippo-mediated  cytoplasmic  retention  of  YAP  facilitates  p72  association  with  Microprocessor  and 
binding  to  a  specific  sequence  motif  in  pri-miRNAs.  Inactivation  of  NF2  or  expression  of  constitutively  active 
YAP  causes  widespread  miRNA  suppression  in  cells  and  tumors  and  a  corresponding  posttranscriptional 
induction  of  MYC  expression.  Thus,  the  NF2  links  contact-inhibition  regulation  to  miRNA  biogenesis  and  may 
be  responsible  for  the  widespread  miRNA  repression  observed  in  cancer.  This  work  was  published  in  Cell  (see 
appendix) 

Finally,  over  the  past  two  years  of  our  award,  we  have  explored  a  novel  role  for  NF2  and  YAP  in  cellular 
biology.  This  deals  their  ability  to  mediate  de-differentiation  of  cellular  populations  .We  employed  a 
combination  of  lineage  tracing,  clonal  analysis,  and  organoid  culture  approaches,  to  demonstrate  that  Hippo 
pathway  and  NF2  activity  is  essential  for  the  maintenance  of  the  differentiated  hepatocyte  state.  Remarkably, 
acute  inactivation  of  NF2  signaling  in  vivo  is  sufficient  to  dedifferentiate,  at  very  high  efficiencies,  adult 
hepatocytes  into  cells  bearing  progenitor  characteristics.  These  hepatocyte-derived  progenitor  cells  demonstrate 
self-renewal  and  engraftment  capacity  at  the  single-cell  level.  We  also  identified  the  NOTCH- signaling  pathway 
as  a  functional  important  effector  downstream  of  the  Hippo  transducer  YAP.  Our  findings  uncovered  a  potent 
role  for  Nf2Af  AP  signaling  in  controlling  liver  cell  fate  and  reveal  an  unprecedented  level  of  phenotypic 
plasticity  in  mature  hepatocytes,  which  has  implications  for  the  understanding  and  manipulation  of  liver 
regeneration.  This  work  has  ben  recently  published  in  Cell. 


KEY  RESEARCH  ACCOMPLISHEMENTS 


-Finished  a  kinome  screen  for  regulators  of  YAPl  activity 
-Published  experimental  results  in  Nature  Cell  Biology  and  Cell. 

-Have  identified  both  the  LKBl  and  JNK-pathways  as  important  signaling  cascades  involved  in  YAP  activity. 
-Optimized  high-throughput  platform  to  screen  for  YAP  regulators  by  RNA  interference 
-Successfully  identified  ~200  hits  from  a  genome-wide  screens  for  regulators  of  YAPl  activity. 

-Generated  mouse  models  that  will  unequivocally  test  the  requirement  for  YAP  in  NF2-driven  mesothelioma. 


REPORTABLE  OUTCOMES 

-We  have  generated  several  cell  lines  in  which  genetic  and  chemical  high-throughput  screens  can  be  carried  out 
for  regulators  of  the  NF2Afapl  pathway.  This  resource  will  be  widely  beneficial  to  the  NF2  community. 
-Developed  NF2  P53  YAP  triple  mutant  animal  models. 

-Published  experimental  results  in  Nature  Cell  Biology,  two  articles  in  Cell  and  two  review  articles. 

-Applied  and  obtained  ROl  DK099559-01  based  on  results  from  this  grant. 

-PI  was  promoted  to  Associate  Professor. 

CONCLUSION 

We  have  been  successful  in  establishing  an  animal  model  for  the  evaluation  of  the  requirement  for  YAP  in  NF2- 
deficient  tumors.  We  have  established  multiple  reporter  cell  lines  and  have  developed  high-throughput 
screening  protocols  that  will  be  highly  useful  to  identify  novel  regulators  of  the  NF2/YAP1  pathway.  We  have 
finalized  a  targeted  kinome  screen,  and  have  characterized  multiple  genes  and  pathways  that  are  involved  in 
YAP  activation  from  a  genome  wide  screen.  Additionally  basic  mechanistic  insight  into  the  biology  of  the 
YAP/NF2  pathway  has  been  gained.  Our  work  has  been  published  in  Nature  Cell  Biology,  and  Cell  (x2) 


APPENDIX 

Mohseni  et  al.  2014  Nat  Cell  Bio  (attached) 

Yimlamai  et  al.  2014  Cell  (Attached) 

Mori  et  al.  2014  Cell  Attached 

Tremblay  and  Camargo  2012,  Sem  Cell  Dev  Bio  (Attached) 
Ramos  and  Camargo  2010,  Trends  in  Cell  Bio  (Attached) 


Please  cite  this  article  in  press  as:  Mori  et  al.,  Hippo  Signaling  Regulates  Microprocessor  and  Links  Cell-Density-Dependent  miRNA  Biogen¬ 
esis  to  Cancer,  Cell  (2014),  http://dx.doi.Org/10.1016/j.cell.2013.12.043 


Cell 


Hippo  Signaling  Regulates  Microprocessor 
and  Links  Cell-Density-Dependent 
miRNA  Biogenesis  to  Cancer 

Masaki  Mori, ^-2,3,4  Robinson  Triboulet,^'^’^  Morvarid  Mohseni,^’2,4  Karin  Schlegelmilch,^'2,4  Kriti  Shrestha,^'2,4 
Fernando  D.  Camargo,^’2,4*  Richard  I.  Gregory^ -3-4* 

■'Stem  Cell  Program,  Boston  Children’s  Hospital,  MA  02115,  USA 

^Department  of  Stem  Cell  and  Regenerative  Biology,  Harvard  University,  Cambridge,  MA  02138,  USA 

^Department  of  Biological  Chemistry  and  Molecular  Pharmacology  and  Department  of  Pediatrics,  Harvard  Medical  School,  Boston, 
MA  02115,  USA 

^Harvard  Stem  Cell  Institute,  Boston,  MA  02115,  USA 

*Correspondence:  fernando.camargo@childrens.harvard.edu  (F.D.C.),  rgregory@enders.tch.harvard.edu  (R.I.G.) 
http://dx.d0i.0rg/l  0.101 6/].cell.201 3.1 2.043 


SUMMARY 

Global  downregulation  of  microRNAs  (miRNAs)  is 
commonly  observed  in  human  cancers  and  can 
have  a  causative  role  in  tumorigenesis.  The  mecha¬ 
nisms  responsible  for  this  phenomenon  remain 
poorly  understood.  Here,  we  show  that  YAP,  the 
downstream  target  of  the  tumor-suppressive  Hippo¬ 
signaling  pathway  regulates  miRNA  biogenesis  in 
a  cell-density-dependent  manner.  At  low  cell  density, 
nuclear  YAP  binds  and  sequesters  p72  (DDX17), 
a  regulatory  component  of  the  miRNA-process- 
ing  machinery.  At  high  cell  density.  Hippo-mediated 
cytoplasmic  retention  of  YAP  facilitates  p72  associa¬ 
tion  with  Microprocessor  and  binding  to  a  specific 
sequence  motif  in  pri-miRNAs.  Inactivation  of  the 
Hippo  pathway  or  expression  of  constitutively  active 
YAP  causes  widespread  miRNA  suppression  in  cells 
and  tumors  and  a  corresponding  posttranscrip- 
tional  induction  of  MYC  expression.  Thus,  the  Hippo 
pathway  links  contact-inhibition  regulation  to  miRNA 
biogenesis  and  may  be  responsible  for  the  wide¬ 
spread  miRNA  repression  observed  in  cancer. 

INTRODUCTION 

MicroRNAs  (miRNAs)  comprise  a  large  family  of  regulatory  RNAs 
that  repress  expression  of  target  messenger  RNAs  (mRNAs)  and 
have  important  roles  in  development  and  disease.  Processing  to 
the  mature  ~22  nucleotide  miRNA  is  executed  by  the  stepwise 
cleavage  of  long  primary  miRNAs  (pri-miRNAs)  by  the  Micropro¬ 
cessor  and  Dicer  complexes  (Figure  S1A  available  online). 
Microprocessor  minimally  comprises  the  ribonuclease  DROSHA 
and  its  double-stranded  RNA-binding  partner  DGCR8  (Denli 
et  al.,  2004;  Gregory  et  al.,  2004).  Microprocessor  recognizes 
pri-miRNA  through  the  stem  loop  (Zeng  et  al.,  2005)  and  the 
stem-loop-ssRNA  junction  (Han  et  al.,  2006)  and  cleaves  both 


the  5'  and  3'  flanking  segments  to  generate  pre-mlRNA.  Various 
cofactors  can  associate  with  Microprocessor  (Fukuda  et  al., 
2007;  Gregory  et  al.,  2004;  Siomi  and  Siomi,  2010).  These  regu¬ 
latory  proteins  include  hnRNP  A1  (Guil  and  Caceres,  2007),  p68 
and  p72  (DDX5  and  DDX17,  respectively)  (Fukuda  et  al.,  2007), 
Smad  (Davis  et  al.,  2008),  KHSRP  (Trabucchi  et  al.,  2009), 
BRCA1  (Kawai  and  Amano,  2012),  and  FUS/TLS  (Morlando 
et  al.,  201 2).  Microprocessor  can  also  be  modulated  by  inhibitory 
factors,  including  Lin28A/B  (Piskounova  et  al.,  2011),  Musashi 
homolog  2  (MSI2),  and  Hu  antigen  R  (HuR)  (Choudhury  et  al., 
201 3),  and  NF90-NF45  (Sakamoto  et  al.,  2009)  binding  to  distinct 
subsets  of  pri-miRNAs.  Pre-mlRNAs  are  exported  to  the 
cell  cytoplasm  by  exportin  5  (XP05),  where  they  are  further 
cleaved  by  a  complex  of  the  ribonuclease  DICER  and  the  dou¬ 
ble-stranded  RNA-binding  protein  TRBP2,  generating  mature 
miRNA  duplexes  (Chendrimada  et  al.,  2005).  The  5'  or  3'  miRNA 
is  selected  and  loaded  into  the  RNA-induced  silencing  complex 
(RISC)  that  recognizes  sites  in  the  3'  untranslated  region  (UTR)  of 
target  mRNAs  to  repress  protein  expression  (Bartel,  2009) 

Altered  miRNA  expression  is  a  hallmark  of  cancer,  and  individ¬ 
ual  miRNAs  can  have  either  tumor-suppressive  or  oncogenic 
functions.  Furthermore,  a  prevailing  feature  observed  in  human 
cancers  is  the  global  decrease  in  miRNA  expression  compared 
to  the  corresponding  normal  tissue  (Lee  et  al.,  2008;  Lu  et  al., 
2005;  Maillot  et  al.,  2009;  Ozen  et  al.,  2008;  Thomson  et  al., 
2006).  This  miRNA  suppression  has  a  causative  role  in  tumori¬ 
genesis  (Chang  et  al.,  2008;  Kumar  et  al.,  2007,  2009),  implying 
its  potential  as  a  therapeutic  target,  but  the  underlying  mecha¬ 
nism  is  unknown.  Importantly,  widespread  miRNA  repression 
in  cancers  is  likely  a  result  of  defective  miRNA  processing,  as  evi¬ 
denced  by  the  accumulation  of  pri-miRNAs  and  the  correspond¬ 
ing  depletion  of  mature  miRNAs  (Lee  et  al.,  2008;  Thomson  et  al., 
2006).  Although  rare  mutations  in  Dicer  (Hill  et  al.,  2009),  TRBP2 
(Melo  et  al.,  2009),  and  XP05  (Melo  et  al.,  2010)  have  been 
reported,  the  pathways  and  mechanisms  controlling  miRNA 
expression  remain  poorly  understood. 

To  investigate  how  miRNA  expression  might  be  dysregulated 
in  tumors,  we  focused  on  the  report  that  miRNA  biogenesis  is 
affected  by  cell  density  (Hwang  et  al.,  2009).  These  observations 
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Figure  1.  YAP  Regulates  Microprocessor  Activity  in  a  Cell-Density-Dependent  Manner 

(A-M)  (A)  qRT-PCR  analysis  of  miRNA  expression  in  HaCaT  cells.  Data  were  normalized  to  LI6.  *p  <  0.05,  Student’s  t  test.  (B)  Relative  expression  of  pri-miRNAs 
and  DROSHA  and  DGCR8  at  low  and  high  densities.  qRT-PCR  data  normalized  to  GAPDH.  (C)  Western  blot  analysis.  (D)  Schematic  representation  of  the 

(legend  continued  on  next  page) 
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are  especially  relevant  considering  that  loss  of  cell  contact  inhi¬ 
bition  is  a  common  feature  of  tumor  cells.  Connecting  these  pre¬ 
viously  reported  phenomena,  we  postulated  that  the  observed 
global  miRNA  repression  in  tumors  might  be  related  to  the  cell- 
density-dependent  regulation  of  miRNA  biogenesis.  We  focused 
on  the  Hippo-signaling  pathway  as  a  potential  regulator  of 
cell-density-dependent  miRNA  biogenesis  because  (1)  Hippo 
pathway  activity  is  highly  sensitive  to  cell  density  and  cell-cell 
junctions  (Kim  et  al.,  2011;  Schlegelmilch  et  al.,  2011;  Silvis 
et  al.,  201 1 ;  Zhao  et  al.,  2007);  (2)  the  Hippo  pathway  regulates 
the  balance  between  differentiation  and  renewal  of  multiple 
stem  and  progenitor  cell  types  (Camargo  et  al.,  2007;  Lian 
et  al.,  2010;  Schlegelmilch  et  al.,  2011);  and  (3)  misregulation  of 
Hippo  signaling  is  a  common  feature  of  human  solid  tumors 
(Harvey  et  al.,  2013;  Zhao  et  al.,  2010).  The  Hippo  cascade  is 
emerging  as  an  essential  pathway  for  the  regulation  of  tissue 
homeostasis  and  organ  size  (Ramos  and  Camargo,  2012)  and 
is  characterized  by  responsiveness  to  physiological  cues  such 
as  cellular  crowding  (Zhao  et  al.,  2007),  activation  of  G-protein- 
coupled  receptors  (Yu  et  al.,  2012),  cell  shape  (Wada  et  al., 
2011),  and  mechanical  forces  (Dupont  et  al.,  2011;  Haider 
et  al.,  2012).  These  cues  culminate  in  differential  subcellular 
localization  of  the  transcriptional  coactivator  YAP.  At  low  cell 
density.  Hippo  signaling  is  suppressed,  and  YAP  localizes  in 
the  nucleus,  where  it  promotes  cellular  proliferation  through  tran¬ 
scriptional  mechanisms.  As  cellular  crowding  increases,  cell-cell 
contacts  form  and  YAP  is  phosphorylated  and  sequestered  in 
the  cytoplasm  by  adherens  junction  proteins  E-cadherin  (Kim 
et  al.,  2011)  and  a-catenin  (Schlegelmilch  et  al.,  2011;  Silvis 
et  al.,  2011).  Nuclear  YAP  induces  the  reversible  overgrowth  of 
multiple  organs  and  tumorigenesis  in  mice  (Camargo  et  al., 
2007;  Dong  et  al.,  2007).  Additionally,  deregulation  of  the  Hippo 
pathway  has  been  reported  at  a  high  frequency  in  a  broad  range 
of  different  human  carcinomas,  and  it  often  correlates  with  poor 
patient  prognosis  (Harvey  et  al.,  2013). 

Here,  we  identify  the  Hippo-signaling  pathway  as  a  regulator 
of  Microprocessor  activity.  We  show  that  YAP  regulates  miRNA 
biogenesis  through  sequestering  the  Microprocessor  compo¬ 
nent  p72  in  a  cell-density-dependent  manner.  We  furthermore 
find  that  perturbation  of  Hippo  signaling  causes  widespread 
miRNA  suppression  in  cells  and  tumors  and  may  underlie  the 
widespread  miRNA  repression  in  human  tumors. 

RESULTS 

Hippo  Pathway  Component  YAP  Regulates 
Microprocessor  Activity  in  a  Cell-Density-Dependent 
Manner 

To  investigate  the  potential  mechanism  of  cell-density-depen¬ 
dent  miRNA  biogenesis  and  gain  insight  into  global  miRNA  sup¬ 
pression  in  tumors,  we  first  characterized  miRNA  regulation  in 


the  nontransformed  human  keratinocyte  HaCaT  cell  line.  Consis¬ 
tent  with  published  data,  we  observed  elevated  miRNA  expres¬ 
sion  at  high  cell  density  (Figures  1 A  and  S1 B,  Hwang  et  al.,  2009). 
To  avoid  the  selective  loss  of  miRNAs  with  low  GC  content  that 
reportedly  occurs  when  extracting  RNA  from  a  small  number  of 
cells  (Kim  et  al.,  2012),  we  plated  similar  numbers  of  cells  onto 
plates  of  different  sizes.  This  then  allowed  us  to  culture  cells  at 
varying  confluence  without  introducing  the  technical  artifact 
caused  by  different  RNA  yields.  The  corresponding  pri-mlRNAs 
were  upregulated  at  lower  cell  density  (Figure  1B),  implying  a 
general  blockade  of  miRNA  processing  at  lower  cell  density. 
Expression  of  Microprocessor  components  DROSHA  and 
DGCR8  was  not  altered  by  cell  density  (Figures  1 B  and  1 C),  sug¬ 
gesting  that  the  activity,  not  the  quantity,  of  Microprocessor  may 
underlie  the  altered  miRNA  biogenesis. 

To  assess  Microprocessor  activity  in  cells,  we  engineered  a 
luciferase  reporter  that  utilizes  portions  of  pri-miR-125b-1  or 
pri-miR-205  embedded  in  the  3'UTR  of  the  Renilla  luciferase 
gene  (Figure  1 D).  A  similar  approach  to  monitor  Microprocessor 
activity  has  been  described  (Tsutsui  et  al.,  2008).  Cleavage  by 
Microprocessor  is  expected  to  destabilize  the  Renilla  luciferase 
mRNA  and  to  lead  to  decreased  Renilla  luminescence.  We 
measured  Microprocessor  activity  by  normalizing  to  the  control 
Firefly  luciferase  value  so  that  the  calculated  values  positively 
correlated  with  the  endogenous  Microprocessor  activity  (Fig¬ 
ure  1D).  To  validate  these  reporters,  we  measured  response  to 
DROSHA  or  DGCR8  knockdown  in  HaCaT  cells  (Figures  1E 
and  S1C),  where  pri-miR-125b,  but  not  pre-miR-125b,  accumu¬ 
lates  and  mature  miR-125b  is  suppressed  (Figure  1 F).  Validation 
was  also  performed  using  Dgcr8  knockout  mouse  embryonic 
stem  cells  (Figures  S1 D  and  S1 E).  The  reporter  was  not  affected 
by  knockdown  of  DICERorTRBP2  (Figure  1E).  To  further  confirm 
the  specificity,  we  generated  a  control  construct  in  which  the 
pre-mlRNA  stem  loop  was  deleted  (Figure  1D).  Expression  of 
this  reporter  was  unresponsive  to  depletion  of  Microprocessor 
(Figure  1 E).  Altogether,  these  data  verify  that  the  reporter  serves 
as  a  sensitive  readout  of  Microprocessor  activity  in  cells. 

Using  the  reporter  system,  we  found  that  Microprocessor 
activity  was  enhanced  at  higher  cell  densities  compared  to 
lower-cell  confluency  (Figures  1G  and  S1F).  To  explore  how 
this  cell-density-dependent  Microprocessor  activity  could  be 
regulated,  we  focused  on  the  Hippo-signaling  pathway.  YAP 
localizes  in  the  nucleus  at  low  confluency  and  translocates  to 
the  cytoplasm  at  high  density  (Figure  1H).  This  localization  is 
dependent  on  the  upstream  kinase  LATS2  and  other  upstream 
negative  regulatory  molecules  such  as  the  tumor  suppressor 
NF2.  Inactivation  of  NF2  and  LATS2  abrogated  the  cytoplasmic 
sequestration  of  YAP  at  higher  density  (Figure  1 H,  “HD  +  siNF2/ 
LATS2”).  Using  the  Microprocessor  reporter,  we  found  that 
knockdown  of  NF2  and  LATS2  abrogated  the  enhanced  Micro¬ 
processor  activity  observed  at  high  density  (Figure  1 1),  implying 


Microprocessor  (MP)  reporter.  The  Astem-loop  mutant  lacks  the  pre-miRNA  stem  loop  crucial  for  the  recognition  by  Microprocessor.  (E)  Microprocessor  reporter 
assays.  (F)  Expression  levels  of  pri-,  pre-,  and  mature  miR-125b  after  indicated  siRNA-mediated  knockdown,  normalized  to  GAPDH  for  the  pri-miRNAand  to  U6 
for  the  pre-  and  mature  miRNA.  (G)  Microprocessor  reporter  activity  at  different  cell  densities. *  *p  <  0.05  versus  empty,  Student’s  t  test.  (H)  Immunocytochemistry 
analysis  of  YAP  localization.  YAP  nuclear  translocation  was  induced  by  knockdown  of  NF2  and  LATS2.  Scale  bar,  30  i^m.  (I-M)  Microprocessor  reporter  assays 

*p  <  0.05,  **p  <  0.01 ,  Student’s  t  test. 

Data  are  represented  as  mean  ±  SEM.  See  also  Figure  SI . 
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that  the  Hippo  pathway  regulates  Microprocessor  activity.  Addi¬ 
tionally,  forced  expression  of  either  YAP  or  a  nuclear-targeted 
phospho  mutant  YAP  S1 27A  repressed  Microprocessor  activity, 
whereas  overexpression  of  LATS2  resulted  in  enhanced  reporter 
activity,  presumably  through  YAP  phosphorylation  and  cyto¬ 
plasmic  retention  (Figure  1J).  Individual  knockdown  of  NF2, 
LATS2,  or  a-catenin  had  the  reciprocal  effect  on  Microprocessor 
activity  (Figure  1K).  We  also  tested  Lats1-  and  Lats2-deficient 
mouse  embryonic  fibroblasts  (MEFs)  generated  by  transducing 
Lats1“^“;Lats2^'^^'  MEFs  with  Cre-expressing  adenovirus  (Kim 
et  al.,  2013,  Figure  S1G)  and  observed  suppressed  Micro¬ 
processor  reporter  activity  (Figure  S1H)  and  lowered  miRNA 
expression  (Figures  S1 1  and  S1J).  We  further  examined  the  con¬ 
sequences  of  YAP  overexpression  or  knockdown  at  different  cell 
densities.  Both  forced  YAP  expression  (Figure  1L)  and  YAP 
knockdown  (Figure  1 M)  abrogated  the  cell  density  dependency 
of  Microprocessor  activity.  Altogether,  these  results  reveal  that 
the  Hippo-signaling  pathway  and  its  downstream  component 
YAP  regulate  Microprocessor  activity. 

YAP  Sequesters  p72  from  Microprocessor  in  a  Cell- 
Density-Dependent  Manner 

We  next  interrogated  how  YAP  could  control  Microprocessor  ac¬ 
tivity.  Because  YAP  has  an  established  role  as  a  transcriptional 
coactivator,  we  first  focused  on  the  possible  transcriptional 
role  of  YAP  (Yagi  et  al.,  1999).  Microarray  analyses  showed 
that  none  of  the  Microprocessor-related  genes  were  significantly 
affected  by  YAP  activation  (Figure  S2A).  To  further  rule  out  a 
transcriptional  role  for  YAP  in  Microprocessor  regulation,  we 
made  use  of  a  YAP  S94A  mutant  unable  to  bind  the  TEAD-family 
of  transcription  factors  (Schlegelmilch  et  al.,  2011;  Zhao  et  al., 
2008).  YAP  S94A  and  its  nuclear-targeted  version  YAP  S94A/ 
5SA  suppressed  Microprocessor  activity  to  a  similar  extent  as 
their  wild-type  counterparts  (Figure  S2B).  These  results  imply 
that  YAP  regulates  Microprocessor  activity  independent  of  its 
transcriptional  activity.  We  therefore  focused  on  the  possibility 
that  YAP  might  regulate  Microprocessor  posttranscriptionally. 

We  tested  whether  YAP  might  physically  interact  with  Micro¬ 
processor  components.  We  did  not  detect  an  association  be¬ 
tween  YAP  and  DROSHA  or  DGCR8  in  coimmunoprecipitation 
(co-IP)  assays  (Figure  2A).  We  next  considered  that  YAP  might 
associate  with  the  Microprocessor  accessory  proteins  p68 
(DDX5)  and  p72  (DDX17),  DEAD  (Asp-Glu-Ala-Asp)-box  RNA 
helicases  that  are  components  of  a  large  DROSHA-containing 
complex  that  is  required  for  processing  of  a  large  subset  of 
miRNAs  (Fukuda  et  al.,  2007;  Gregory  et  al.,  2004).  It  is  emerging 
that  several  different  cellular  signaling  pathways  use  the  p68 
and/or  p72  association  with  Microprocessor  to  effect  regulation 
of  pri-miRNA  processing  (Newman  and  Hammond,  2010;  Siomi 
and  Siomi,  201 0).  Co-IPs  indicated  that  p72,  but  not  the  structur¬ 
ally  similar  p68,  specifically  associates  with  endogenous  YAP 
protein  (Figure  2A). 

Immunocytochemistry  showed  that  YAP  and  p72  colocalize  in 
the  nucleus  of  HaCaT  cells  at  low  density  (Figure  2B)  and  not  at 
high  density  (Figure  S2C).  We  assessed  the  impact  of  cell  density 
on  this  interaction  by  co-IPs  with  endogenous  p72  protein. 
At  higher  density,  p72  interacted  with  DROSHA  and  DGCR8, 
consistent  with  its  role  in  pri-miRNA  processing.  Interestingly, 


the  interaction  between  p72  and  DROSHA/DGCR8  complex 
was  significantly  decreased  at  lower  density  and  instead  p72 
was  associated  with  YAP  (Figure  2C).  To  gain  deeper  insight 
into  these  cell-density-dependent  interactions,  we  fractionated 
cell  lysates  collected  at  low  and  high  densities  using  a  gel-filtra¬ 
tion  column.  At  high  density,  p72  eluted  in  the  same  fractions  as 
DROSHA  and  DGOR8,  implying  p72  association  with  the  Micro¬ 
processor  complex  (Figure  2D,  “High  density”).  Remarkably,  at 
low  density,  p72  was  not  detected  in  the  same  fractions  as 
DROSHA  but  was  in  the  lower  molecular  weight  fractions  where 
YAP  was  also  eluted,  implying  the  interaction  of  p72  and  YAP  at 
low  cell  density  (Figure  2D,  “Low  density”). 

This  dynamic  cell-density-dependent  association  of  p72  with 
Microprocessor  raised  the  possibility  that  nuclear  YAP  might 
inhibit  Microprocessor  activity  at  low  cell  density  by  binding 
and  sequestering  p72  from  DROSHA  and  DGOR8.  Overexpres¬ 
sion  of  the  constitutively  active  YAP  S127A  mutant  led  to  a 
reduction  in  the  relative  amount  of  p72  associated  with  DROSHA 
in  co-IPs  (Figures  2E-2G).  Further  analyses  indicated  that  YAP 
WW  domain  1  (W177-W199)  and  p72  0-terminal  proline-rich 
sequence  were  essential  for  that  interaction,  whereas  YAP  WW 
domain  2  and  p72  K50  residue,  which  is  required  for  HDA01 
interaction  (Mooney  et  al.,  2010),  were  not  (Figures  2H  and  2I). 
We  then  tested  YAP  mutants  with  the  Microprocessor  reporter 
system.  YAP  WW  domain  mutant  1  (WW1)  failed  to  inhibit  Micro¬ 
processor  activity  (Figure  S2D).  We  knocked  down  p72  and 
found  that  the  density-dependent  enhancement  of  Micropro¬ 
cessor  activity  was  abrogated  in  the  Microprocessor  reporter 
system  in  a  similar  fashion  as  knockdown  of  NF2/LATS2  (Fig¬ 
ure  S2E).  Combinatorial  knockdown  did  not  show  any  additive 
effect.  qRT-PCR  analyses  of  pri-,  pre-,  and  mature  miR-125b 
corroborated  these  results  (Figure  S2F).  Taken  together,  the  as¬ 
sociation  of  p72  with  Microprocessor  is  cell  density  dependent, 
and  nuclear  YAP  sequesters  p72  through  its  WW1  domain  at  low 
cell  density  to  suppress  Microprocessor  activity. 

We  further  explored  whether  the  TEAD  proteins  were  also  part 
of  the  protein  complex  containing  YAP  and  p72.  Co-IPs  revealed 
that  the  YAP/p72  complex  does  not  contain  TEAD1  (Figure  S2G). 
Additionally,  we  also  observed  interaction  of  TAZ,  a  YAP  paralog, 
with  p72  (Figure  S2H)  (Dupont  et  al.,  201 1 ;  Haider  et  al.,  2012). 
Forced  expression  of  TAZ  lowered  mature  miRNA  expression 
(Figure  S2I),  which  was  accompanied  with  increased  pri-miRNA 
expression  (Figure  S2J).  Simultaneous  knockdown  of  YAP  and 
TAZ  had  an  additive  effect  on  Microprocessor  reporter  activity 
(Figures  S2K  and  S2L).  Thus,  our  results  suggest  a  similar  role 
of  TAZ  in  miRNA  biogenesis  and  further  implicate  another 
Hippo-signaling  molecule  in  the  regulation  of  miRNA  processing. 

Inhibition  of  the  Hippo-Signaling  Pathway  Suppresses 
Microprocessor  Activity 

We  next  examined  the  significance  of  p72  and  Hippo  signaling 
for  Microprocessor  function  using  a  Microprocessor  biochem¬ 
ical  assay  (Figure  3A).  We  depleted  DGCR8,  p72,  or  NF2  and 
LATS2  in  a  stable  HEK293T  cell  line  expressing  Flag-DROSHA 
(Figure  3B)  and  affinity-purified  DROSHA-containing  complexes 
(Figure  3C).  When  NF2  and  LATS2  were  depleted  (Figure  3B), 
the  amount  of  p72  associated  with  DROSHA  was  lowered 
(Figure  30),  consistent  with  our  findings  in  HaCaT  cells.  We 
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Figure  2.  YAP  Sequesters  p72  from  Micro¬ 
processor  Complex  in  a  Cell-Density- 
Dependent  Manner 

(A-l)  (A)  Coimmunoprecipitation  assays  (Co-IPs) 
with  endogenous  YAP  in  HaCaT  cells.  (B)  Immu- 
nocytochemistry  of  YAP  and  p72  in  HaCaT  cells  at 
low  density.  Nuclei  were  stained  with  DAPI.  Scale 
bar,  30  [im.  (C)  Co-IP  with  HA-p72  in  HaCaT  cells 
at  low  and  high  density.  (D)  Western  blot  analysis 
of  Superose  6  gel-filtration  fractions.  Whole-cell 
lysates  from  HaCaT  cells  cultured  at  low  and  high 
densities  were  fractionated,  p-tubulin  served  as  a 
control.  (E)  Co-IP  with  Flag-DROSHA  in  HaCaT 
cells  transfected  with  YAP  or  control  EGFP.  (F) 
Densitometry  measurement  for  the  amount  of  p72 
bound  by  DROSHA  in  the  HaCaT  cells  transfected 
with  YAP  or  control  EGFP  (n  =  3).  *p  <  0.05,  Stu¬ 
dent’s  t  test.  (G)  The  scheme  of  interactions 
among  YAP,  p72,  and  Microprocessor.  (H)  Co-IP 
with  Flag-YAP  and  YAP  mutants.  Mutations  in  YAP 
are  represented  in  the  top  panel.  WT,  wild-type.  (I) 
Co-IP  with  HA-p72  and  p72  mutants.  Mutations  in 
p72  are  represented  in  the  top  panel. 

See  also  Figure  S2. 
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measured  ph-miRNA  processing  activity  of  Microprocessor 
isolated  from  control  and  knockdown  cells.  The  p72-depleted 
Microprocessor  displayed  compromised  activity  for  pri-miR- 
125b-1  (Figure  3D).  Upon  depletion  of  NF2  and  LATS2,  Micro¬ 
processor  activity  was  similarly  impaired  (Figure  3D).  These 
findings  imply  that  p72  depletion  and  YAP  activation  have  a 
direct  impact  on  pri-miRNA  processing  and  strongly  suggest 
that  the  Hippo  pathway  regulates  miRNA  expression  through 
altering  Microprocessor  activity. 


Global  Impact  of  Hippo  Pathway  on 
miRNA  Biogenesis 

Our  data  above  would  predict  that  Hippo 
signaling  inactivation  and  consequent 
YAP  nuclear  translocation  would  result  in 
general  miRNA  suppression.  We  sought 
to  examine  this  by  utilizing  nCounter  tech¬ 
nology  to  profile  >600  different  miRNAs. 
Indeed,  NF2/LATS2  knockdown  at  high 
cell  density  lowered  (<0. 8-fold  compared 
to  siCtrl)  61 .0%  of  miRNAs  in  HaCaT  cells 
(Figures  4A  and  4B).  We  next  addressed  to 
what  extent  p72  explains  global  miRNA 
repression  by  YAP  activation.  As  a  result, 
59.8%  of  miRNAs  were  suppressed  by 
p72  knockdown,  and  90.2%  of  p72-sup- 
pressed  miRNAs  overlapped  with  siNF2/ 
LATS2-suppressed  miRNAs.  Quantifica¬ 
tion  by  qRT-PCR  validated  the  repression 
of  representative  miRNAs  (Figure  4C)  and 
the  corresponding  accumulation  of  pri- 
mlRNAs  (Figure  4D).  The  expression  of 
miR-214,  which  is  independent  of  p72  in 
the  mouse  embryo  (Fukuda  et  al.,  2007), 
was  not  affected  by  either  p72  or  NF2/ 
LATS2  knockdown  (Figure  4C).  We  further  examined  the  role  of 
p72  as  a  mediator  of  miRNA  repression  via  Hippo  signaling  by 
testing  whether  forced  expression  of  p72  could  rescue  expression 
of  thesiNF2/LATS2-suppressed  miRNAs.  Indeed,  p72  expression 
in  addition  to  the  siNF2/LATS2  transfection  enhanced  numerous 
miRNAs  (Figure  S3A),  suggesting  that  p72  positively  regulates 
global  miRNA  biogenesis  downstream  of  NF2  and  LATS2. 

We  next  interrogated  the  cell-density-dependent  global  alter¬ 
ation  in  miRNA  expression.  As  reported  in  other  types  of  cells 
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Figure  3.  Hippo  Pathway  and  p72  Regulate 
pri-miRNA  Processing  Efficiency  of  Micro¬ 
processor 

(A-D)  (A)  Scheme  of  the  Microprocessor  assay. 
IVT,  in  vitro-transcribed.  (B)  Western  blot  analysis 
showing  the  siRNA  efficacies  and  expression  of 
Flag-DROSHA.  (C)  Western  blot  of  purified  protein 
complexes.  (D)  Microprocessor  assays  with  in-vi- 
tro-transcribed  pri-miR-125b.  The  numbers  for 
Microprocessor  indicate  the  relative  amounts  of 
Flag-IP  products  used  for  western  blot  (C)  and 
Microprocessor  assay  (D). 
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(Hwang  et  al.,  2009),  HaCaT  cells  also  showed  widespread 
variation  of  miRNA  expression  in  a  cell-density-dependent 
manner.  At  lower  cell  density,  57.3%  of  mlRNAs  were  sup¬ 
pressed  (<0.8  fold)  relative  to  higher  density  (Figures  4E 
and  4F).  This  density-dependent  miRNA  suppression  could  be 
rescued  by  YAP  knockdown  (Figure  S3B).  To  examine  to  what 
extent  this  density-dependent  miRNA  modulation  is  regulated 
by  YAP  and  p72,  we  compared  the  miRNAs  repressed  in  lower 
density  to  the  miRNAs  repressed  by  p72  knockdown  and  NF2/ 
LATS2  knockdown.  In  this  analysis,  49.3%  of  miRNAs  overlap¬ 
ped  among  the  three  conditions  of  NF2/LATS2  knockdown, 
p72  knockdown,  and  low  density  (Figure  4G).  Gene  ontology 
analysis  revealed  that  the  predicted  mRNA  targets  for  the  over¬ 
lapping  miRNAs  were  highly  enriched  in  cell-cycle  control  (Fig¬ 
ure  4H).  Together,  our  data  support  that  the  Hippo-signaling 
pathway,  through  the  YAP-mediated  control  of  p72  availability, 
is  responsible  for  widespread  cell  density-dependent  miRNA 
regulation. 

p72  Recognizes  a  Sequence  Motif  in  Pri-miRNAs 

p72  harbors  a  DEAD  box  domain  and  is  regarded  as  an  RNA  heli- 
case.  Although  p72  is  essential  for  normal  miRNA  expression  in 
the  developing  mouse  embryo  (Fukuda  et  al.,  2007),  the  precise 
role  of  p72  in  pri-miRNA  processing  is  unknown.  We  sought  to 
dissect  how  p72  contributes  to  pri-miRNA  processing.  We  hy¬ 
pothesized  that  p72  might  recognize  a  specific  secondary  struc¬ 
ture  or  a  sequence  of  pri-miRNAs  to  enhance  the  processing  by 
Microprocessor.  Electrophoretic  mobility  shift  assays  (EMSA) 
performed  with  recombinant  p72  protein  (Figure  S4A)  and 
in  vitro  transcribed  pri-miRNAs  showed  a  stable  interaction 
between  p72  and  pri-miR-21  (Figure  5A)  and  pri-miR-125b-1 
(Figure  5B).  T o  examine  the  relevance  of  the  secondary  structure 
of  pri-miRNAs,  we  deleted  the  stem  loop  (Astern  loop),  5'  flank¬ 
ing  segment  (FS,  A5'),  or  3'  FS  (A3')  of  pri-miR-21 .  The  deletion  of 
the  stem  loop  did  not  significantly  affect  the  interaction,  implying 
that  the  recognition  of  pri-miRNA  by  p72  is  independent  of  the 


stem-loop  structure  (Figure  5C).  The  A5' 
mutant  showed  slightly  impaired  interac¬ 
tion,  but  deletion  of  the  3'  flanking 
segment  almost  totally  abolished  the 
interaction,  suggesting  that  p72  interacts 
through  the  3'  FS  of  pri-miR-21  (Fig¬ 
ure  5C).  Sequential  shortening  of  the 
3'FS  suggested  that  the  distal  part  of 
the  3'  FS  was  dispensable  (-i-81,  -i-108.  Figure  5D),  though  the 
interaction  was  minimally  impaired  with  the  shortest  mutant 
(-I-55,  Figure  5D).  To  test  whether  p72  recognizes  a  specific 
sequence  in  the  3'  FS  of  pri-miRNA,  we  searched  for  an  overrep¬ 
resented  sequence  motif  in  the  3'FS.  As  the  input  sequences,  we 
utilized  pre-miRNA  with  ~55  nt  of  5'  and  3'  FS  for  the  subset  of 
the  miRNAs  repressed  by  both  p72  and  NF2/LATS2  knockdown. 
As  the  background  data,  those  of  nonsuppressed  pre-miRNAs 
were  used.  A  VCAUCH  sequence  was  identified  in  the  3'  FS  of 
the  subgroup  of  pri-miRNAs  that  are  repressed  by  both  p72 
and  NF2/LATS2  knockdown  (Figure  5E).  The  motif  was  present 
at  -1-19  and  -i-16  of  3'  FS  of  pri-miR-21  and  pri-miR-125b-1 , 
respectively  (Figure  5F).  We  examined  the  functional  relevance 
of  the  motif  by  introducing  mutations  in  the  motif  (Figure  5G, 
“motif  mutant”)  or  in  the  adjacent  sequence  (Figure  5G,  “control 
mutant”).  EMSA  revealed  an  impaired  interaction  of  p72  with  the 
motif  mutant,  demonstrating  the  functional  relevance  of  the  motif 
in  the  3'  FS  of  pri-miR-21  (Figure  5H).  To  further  test  the  rele¬ 
vance  of  the  motif  sequence  in  a  cellular  context,  we  induced 
deletion  mutations  to  the  Microprocessor  reporter  plasmid. 
Deletions  of  the  motif  sequence  significantly  impaired  the  den¬ 
sity  sensitivity  of  the  Microprocessor  reporter  (Figure  S4B)  and 
reduced  the  responsiveness  to  YAP  activation  through  NF2/ 
LATS  knockdown  (Figure  S4C).  These  findings  suggest  that 
p72  selectively  binds  the  defined  sequence  in  the  3'  FS  of  pri- 
miRNAs  to  enhance  processing  by  the  Microprocessor. 

YAP-Regulated  miRNAs  Target  MYC 

Although  global  miRNA  suppression  is  suggested  to  have  a 
causal  role  in  tumorigenesis,  the  specific  mechanisms  underly¬ 
ing  this  are  not  fully  understood.  We  considered  that  repression 
of  a  certain  subset  of  miRNAs  by  YAP  might  lead  to  posttran- 
scriptional  enhancement  of  target  gene(s)  crucial  for  tumorigen¬ 
esis  and  growth.  To  examine  this,  we  established  a  HaCaT  stable 
cell  line  expressing  a  YAP  5SA  mutant  in  a  doxycycline  (Dox)- 
inducible  manner.  YAP  5SA  has  four  serine  residues  substituted 
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Figure  4.  Global  Impact  of  Hippo  Pathway  on  miRNA  Biogenesis 

(A-G)  Global  miRNA  expression  analysis  of  HaCaT  with  indicated  knockdown.  The  miRNAs  with  a  relative  expression  change  of  <0. 8-fold  or  >1 .2-fold  compared 
to  the  control  (siCtrl)  were  analyzed  by  hierarchical  clustering.  (B)  The  efficacy  of  siRNAs  used  in  (A).  The  expression  values  were  normalized  to  GAPDH.  (C)  qPCR- 
quantification  of  mature  miRNAs  normalized  to  U6.  (D)  Pri-miRNA  expression  levels  measured  by  qRT-PCR.  Data  were  normalized  to  GAPDH.  (E)  miRNA 
expression  analysis  in  RNA  samples  from  low-  and  high-density  HaCaT  cells.  miRNAs  with  a  relative  expression  change  of  <0. 8-fold  or  >1 .2-fold  between  the 
low-  and  high-density  conditions  were  analyzed  by  hierarchical  clustering.  (F)  Scatter  plot  of  miRNA  expression  levels  (logio)  in  the  low  and  the  high  densities  (G) 
Venn  diagram  showing  the  overlap  of  miRNAs  repressed  by  siNF2/LATS2,  si  p72,  or  low  density.  (H)  Gene  ontology  analysis  of  the  overlapping  miRNAs  in  (G). 
Bonferroni-corrected  p  values  were  indicated.  Data  are  represented  as  mean  ±  SEM.  See  also  Figure  S3. 


to  alanine  in  addition  to  S127,  and  it  displays  enhanced  nuclear 
localization  (Zhao  et  al.,  2007).  After  Dox  treatment  for  4  days, 
YAP  and  YAP  target  genes  CTGF,  CYR61 ,  and  AMOTL2  were 
induced  without  affecting  the  mRNA  levels  of  MYC  (Figure  6A). 
Numerous  mature  miRNAs  were  repressed  (Figures  6B  and 
6C)  with  a  corresponding  accumulation  or  sustained  pri-miRNA 


expression  (Figures  6D  and  S5A).  Among  the  growth-related 
proteins  tested,  we  found  enhanced  expression  of  MYC  protein 
(Figure  6E)  after  YAP  induction.  MYC  induction  was  also 
observed  in  HaCaT  cell  lines  inducibly  expressing  YAP  S94A 
and  YAP  S94A/5SA,  suggesting  that  MYC  was  posttranscrip- 
tionally  induced  (Figures  6F  and  S5B). 
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Figure  5.  p72  DEAD  Box  RNA  Helicase  Binds  to  a  Sequence  Motif  in  the  3'  Flanking  Segment  of  pri-miRNA 

(A-H)  (A-D)  EMSA  with  recombinant  p72  protein  and  in-vitro-transcribed  pri-miR-21 ,  pri-miR-125b-1 ,  or  deletion  mutants  of  pri-miR-21 .  Stem  loop  (Astem-loop), 
5'  flanking  segment  (AS')  or  3'  flanking  segment  (AS')  were  deleted.  (E)  Identification  of  a  sequence  motif  in  the  miRNAs  repressed  by  knockdown  of  both  NF2/ 
LATS2  and  p72.  (F)  Schematics  showing  the  motif  in  the  3'  flanking  segments  of  pri-miR-21  and  pri-miR-125b-1 .  (G)  Pri-miR-21  schematic  indicating  the  motif 
mutations  introduced  and  the  control  mutant.  Arrowheads  indicate  cleavage  sites  by  the  Microprocessor.  (H)  EMSA  with  recombinant  p72  protein  and  the  +55 
mutant,  the  control  mutant,  and  the  motif  mutant  of  the  pri-miR-21 . 

See  also  Figure  S4. 


To  further  examine  the  YAP-mediated  posttranscriptional 
induction  of  MYC,  we  investigated  the  relevance  of  the  MYC 
3'UTR,  which  contains  potential  targeting  sites  for  several 
miRNAs  that  were  repressed  by  YAP  overexpression  and  p72 
depletion  (Figure  S5C).  Among  them,  let-7  (Kumar  et  al.,  2007) 
and  miR-34a  (Christoffersen  et  al.,  201 0)  were  reported  to  target 
MYC  3'UTR.  We  utilized  a  luciferase  gene  harboring  the  MYC 
3'UTR  (Kumar  et  al.,  2007)  and  compared  luciferase  activity  to 
a  control  plasmid.  YAP  5SA  overexpression  induced  luciferase 
activity  >1 0-fold  compared  to  a  control  EGFP  (Figure  6G). 
TEAD-binding-deficient  YAP  mutants,  YAP  S94A  and  YAP 


S94A/5SA,  also  strongly  activated  the  luciferase  reporter,  rein¬ 
forcing  the  role  of  YAP  in  the  posttranscriptional  regulation  of 
MYC  expression  (Figure  6G).  The  activity  of  Luc-MYC  3'UTR 
was  also  suppressed  at  higher  cell  density  and  correlated  with 
the  accumulation  of  miRNAs  targeting  MYC  (Figure  6H).  Knock¬ 
down  of  p72  at  higher  cell  density  rescued  the  repression  of  lucif¬ 
erase  activity,  suggesting  that  cell-density-dependent  regulation 
of  MYC  3'UTR  was  mediated  by  p72  (Figure  6H).  Collectively, 
the  posttranscriptional  induction  of  MYC  protein  is  a  func¬ 
tional  outcome  of  YAP-mediated  cell-density-dependent  global 
miRNA  repression. 
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Figure  6.  YAP-Regulated  miRNAs  Repress  MYC  Expression 

(A-H)  (A)  qRT-PCR  analysis  with  data  normalized  to  GAPDH.  (B)  miRNA  northern  blot  performed  with  spike-in  of  luciferase  siRNAfor  normalization.  (C)  qRT-PCR 
analysis  of  mature  miRNA  levels  normalized  to  U6.  *p  <  0.05,  Student’s  t  test.  (D)  Relative  pri-miRNA  expression  measured  by  qRT-PCR  normalized  to  GAPDH. 
(E  and  F)  Western  blot  analysis  using  indicated  antibodies.  (G  and  H)  Luciferase  assays  with  a  MYC  3'UTR  reporter.  HaCaT  cells  were  cotransfected  with  the 
luciferase  and  the  expression  plasmids  for  YAP  or  control  EGFP.  Luciferase  activity  was  normalized  to  that  of  pRL-Tk. 

**p  <  0.01 ,  Student’s  t  test,  n.s.,  not  significant.  Data  are  represented  as  mean  +  SEM.  See  also  Figure  S5. 


YAP  Mediates  Global  miRNA  Suppression  in  Tumors 

A  large  number  of  solid  human  cancers  demonstrate  impaired 
Hippo  signaling  and  exhibit  constitutive  nuclear  YAP  localization 
(Harvey  et  al.,  2013).  Additionally,  YAP  activation  leads  to  rapid 
tumor  development  in  mice  (Benhamouche  et  al.,  2010; 
Camargo  et  al.,  2007;  Dong  et  al.,  2007;  Schlegelmilch  et  al., 
2011;  Zhang  et  al.,  2010).  Our  findings  in  vitro  imply  that  YAP- 
driven  tumors  might  exhibit  global  miRNA  repression.  We  tested 
this  prediction  in  mouse  models  of  YAP-induced  tumorigenesis. 
We  evaluated  this  in  two  distinct  contexts  of  YAP  activation: 
acute  (8  days)  YAP  induction  in  the  epidermis  (Figure  7 A)  and 
chronic  (50  weeks)  YAP  activation  in  the  liver  (Figure  7G). 
Short-term  expression  of  a  transgenic  YAP  S127A  in  the  Kera¬ 
tin-1 4-positive  (K14-I-)  epidermal  progenitor  cells  induces  in  situ 
squamous  cell  carcinoma-like  tumors  in  mice,  which  can  pro¬ 
duce  invasive  growth  upon  transplantation  into  nude  mice 
(Schlegelmilch  et  al.,  2011).  Gene  expression  analyses  of  the 
oncogenic  epidermal  cells  revealed  potent  induction  of  trans¬ 
genic  YAP  S127A  (hYAP,  Figure  7B)  and  YAP  target  genes  (Fig¬ 
ure  7C).  As  predicted,  YAP  induction  led  to  the  repression  of 
numerous  mature  miRNAs  (Figure  7D)  and  the  accumulation  of 
pri-miRNAs  (Figure  7E),  recapitulating  our  in  vitro  findings. 
Global  analysis  revealed  that  52.5%  of  miRNAs  were  sup¬ 
pressed  at  least  0.8-fold  in  the  tumorigenic  cells  as  compared 
to  the  normal  epidermal  cells  (Figure  7F). 


The  liver  tumor  model  relied  on  hepatocyte-specific  deletion 
of  Nf2  in  adult  mice  (Figures  7G  and  7H).  This  resulted  in 
hepatomegaly,  cholangiocarcinoma-like  tumor  formation  (Fig¬ 
ure  S6A-S6C),  and  induction  of  YAP  target  genes  (Figure  7I). 
The  expression  of  mature  miRNAs  was  repressed  in  the  liver 
tumors  compared  to  control  tissue  (Figure  7J),  which  was 
accompanied  by  the  accumulation  of  pri-miRNAs  in  the  tumors 
(Figure  7K).  The  miRNA  global  analysis  revealed  that  61 .0%  of 
miRNAs  were  repressed  in  the  liver  tumors  as  compared  to 
normal  tissue  (Figure  7L).  To  explore  the  relevance  of  p72  in 
the  context  of  YAP-induced  tumorigenesis,  we  examined  the  as¬ 
sociation  of  p72  with  Microprocessor  and  YAP.  Co-IP  revealed 
that  the  interaction  between  p72  and  Microprocessor  observed 
in  normal  livers  was  significantly  decreased  in  tumor  tissues, 
whereas  the  association  between  p72  and  YAP  was  increased 
in  A/f2-deficient  tumors  (Figure  7M).  The  interaction  between 
p72  and  YAP  was  also  observed  in  the  skin  tumors  (Figure  S6D). 
Overall  these  results  demonstrate  that  YAP-driven  tumorigen¬ 
esis  is  associated  with  widespread  miRNA  suppression  and 
that  YAP  activation  promotes  the  dissociation  of  p72  from  Micro¬ 
processor  complex  in  tumor  cells. 

Finally,  we  examined  whether  this  transcription-independent 
function  of  YAP  plays  a  causative  role  in  cellular  growth.  We 
chose  to  study  the  consequences  of  expressing  the  TEAD-bind- 
ing  defective  mutant  YAP  S94A/5SA,  given  that  current  dogma 


Cell  156,  1-14,  February  27,  2014  ©2014  Elsevier  Inc.  9 


CELL  7330 


Please  cite  this  article  in  press  as:  Mori  et  al.,  Hippo  Signaling  Regulates  Microprocessor  and  Links  Cell-Density-Dependent  miRNA  Biogen¬ 
esis  to  Cancer,  Cell  (2014),  http://dx.doi.Org/10.1016/j.cell.2013.12.043 


Cell 


Skin  tumor  model 

^  K14-Cre 
^  R26STOPrtTA 
tetO-YAPS127A 
Pox  ^ 

■pilljlL  Isolation  of 
Sfii^epidermal  cells 


YAP 


o  7,0 
<8  6.0 
2  5.0 
X  4.0 
^3.0 
.>  2.0 
TO  1.0 
(2  0.0 


■  Normal 
■Tumor 


4^ 


mature  miRNA 


I  25.0 1 

«  20.0 
0) 

^15.0- 

Z  10.0- 

5.0- 
0.0 


TO 

<D 

q: 


§60.0 

50.0 

i.40.0 

$30,0 


YAP-target 

genes 


1 10.0 

^  0.0 


XX 


pri-miRNA 


■  Normal 
■Tumor 


P  4 


F  nCounter  miRNA  global  analysis 
Skin  tumorigenesis  model 

Normal  Tumor 


miR-15a 


miR-151 

miR-10a 


miR-125b 

miR-10b 

miR-101b 

let-7g 

miR-135a 


-1.5  0  +1.5 


Liver  tumor  model 


Normal 

Tumor 


YAP-target 

genes 


<f  <f 


nCounter  miRNA  global  analysis 
Liver  tumorigenesis  model 


Normal  Tumor 


/miR-101b 
^miR-205 
/let-7g 
—  miR-15a 
'^let-7a 
\miR-29b 
'^miR-151 


— miR-135a 


-1.5  0  +1.5 


10  Cell  156,  1  -1 4,  February  27,  201 4  ©201 4  Elsevier  Inc. 


CELL  7330 


Please  cite  this  article  in  press  as:  Mori  et  al.,  Hippo  Signaling  Regulates  Microprocessor  and  Links  Cell-Density-Dependent  miRNA  Biogen¬ 
esis  to  Cancer,  Cell  (2014),  http://dx.doi.Org/10.1016/j.cell.2013.12.043 


Cell 


suggests  that  most  of  YAP’s  effects  are  mediated  by  tran¬ 
scription  through  the  TEAD  proteins.  YAP  S94A/5SA  repressed 
miRNAs  with  the  p72-binding  motifs  (Figure  S6E)  and  also 
showed  significant  acceleration  of  cell  growth  in  HaCaT  cells, 
though  this  effect  was  less  potent  than  that  of  YAP  5SA.  Coex¬ 
pression  of  p72  in  this  cellular  context  fully  counteracted 
the  effect  of  YAP  S94A/5SA  (Figure  S6F).  A  similar  effect  was 
observed  in  HepG2  human  hepatocellular  carcinoma  cells, 
where  YAP  S94A/5SA  expression  significantly  promoted  their 
anchorage-independent  growth  in  a  p72-dependant  manner 
(Figures  S6G  and  S6H).  Our  results  here  support  a  functional 
role  for  YAP  in  mediating  cellular  proliferation  independent  of 
its  canonical  transcriptional  partners  and  dependent  on  the 
Microprocessor  component  p72. 

DISCUSSION 

Here,  we  uncover  an  unexpected  role  for  the  Hippo-signaling 
pathway  in  the  regulation  of  miRNA  biogenesis.  Our  results  pro¬ 
vide  mechanistic  understanding  for  two  unexplained  phenom¬ 
ena:  cell-density-dependent  activation  of  miRNA  biogenesis 
and  widespread  decrease  in  miRNA  expression  in  tumors 
(Hwang  et  al.,  2009;  Lu  et  al.,  2005).  We  found  that  YAP,  the 
downstream  Hippo-signaling  transducer,  induces  widespread 
miRNA  repression  by  sequestering  p72  from  the  Microprocessor 
in  a  cell-density-dependent  manner  (Figure  7N).  At  low  cell  den¬ 
sity,  YAP  is  nuclear,  promotes  cell  proliferation,  and  represses 
miRNA  biogenesis.  At  higher  cell  density,  YAP  is  inactivated 
by  exclusion  from  the  cell  nucleus,  thereby  allowing  p72  to 
associate  with  Microprocessor  and  pri-miRNAs,  resulting  in 
enhanced  miRNA  biogenesis.  The  association  of  the  related  pro¬ 
tein,  p68  (DDX5),  with  the  Microprocessor  is  also  dynamically 
regulated.  p68  is  directly  phosphorylated  by  MAPK-activated 
protein  kinase  2  (MK2),  and  p68  phosphorylation  is  necessary 
for  its  nuclear  localization  (Hong  et  al.,  2013).  Therefore,  an 
emerging  theme  for  controlling  Microprocessor  activity  is 
through  the  accessibility  of  these  related  cofactors  either  by 
phosphorylation-dependent  control  of  nuclear  localization  (for 
p68)  or  through  the  sequestration  of  p72  in  the  nucleus  by 
YAP.  Cell  signaling  pathways  can  impact  other  components  of 
the  miRNA  biogenesis  machinery,  including  the  mitogen-acti¬ 
vated  protein  kinase  (MARK)  Erk-mediated  phosphorylation 
of  TRBP  (Paroo  et  al.,  2009)  and  the  epidermal  growth  factor 
receptor  (EGFR)-mediated  phosphorylation  of  Ago2  (Shen 
et  al.,  2013). 

p72  enhances  pri-miRNA  processing  by  the  Microprocessor 
and  recognizes  a  VCAUCH  sequence  motif  in  the  pri-miRNA  3' 
flanking  region  (3'FS).  A  recent  in  vitro  selection  and  high- 
throughput  sequencing  approach  for  functional  pri-miRNA 


variants  or  for  Microprocessor-binding  variants  of  human  pri- 
miRNAs  identified  a  CNNC  motif  in  the  3'FS  conserved  among 
vertebrates  for  a  large  subset  of  human  pri-miRNAs.  This  func¬ 
tional  motif,  located  ~16-~20  nt  downstream  of  the  Drosha 
cleavage  site  is  required  for  efficient  pri-miRNA  processing  and 
overlaps  with  the  p72-binding  motif  that  we  identified.  In  that 
study,  the  authors  identified  SRp20/SRSF3  as  a  factor  that  binds 
the  CNNC  motif.  Although  the  relevance  of  this  splicing  regulator 
in  miRNA  biogenesis  was  not  tested,  it  is  possible  that  multiple 
different  factors  may  converge  at  this  3'  FS  site  to  mediate  pri- 
miRNA  processing.  It  will  be  interesting  to  examine  the  interplay 
between  p72  and  other  possible  regulators  in  miRNA  biogenesis 
(Auyeung  et  al.,  2013). 

The  mechanism  that  we  characterized  represents  a  unique 
transcription-independent  function  of  the  YAP  protein.  YAP 
has  another  transcription-independent  role  in  the  growth  control 
of  intestinal  stem  cells,  where  YAP  sequesters  Dishevelled  pro¬ 
tein  in  the  cytoplasm,  thereby  repressing  Wnt  signaling  (Barry 
et  al.,  2013).  The  major  transcriptional  role  of  YAP  is  mediated 
through  TEAD  DNA-binding  proteins  (Zhao  et  al.,  2008),  and 
therefore  YAP  S94A,  which  is  deficient  in  TEAD  binding,  has  a 
deficit  in  the  transcription  of  crucial  target  genes.  The  finding 
that  YAP  S94A  and  its  nuclear-targeted  version  YAP  S94A/5SA 
repressed  Microprocessor  activity  provides  evidence  that  YAP 
represses  miRNAs  independent  of  its  transcriptional  activity. 
Furthermore,  YAP  can  induce  cellular  proliferation  independent 
of  TEAD  and  can  be  rescued  by  p72.  MYC  globally  suppresses 
miRNA  through  transcription  (Chang  et  al.,  2008).  Our  findings 
cannot  be  explained  by  the  transcriptional  repression  of  miRNA 
by  MYC  because  we  observe  accumulation  of  pri-miRNAs  and 
corresponding  decrease  in  mature  miRNAs  upon  manipulation 
of  the  YAP/p72/Microprocessor  pathway.  Also,  this  posttran- 
scriptional  control  of  miRNA  biogenesis  corresponds  well  with 
the  reported  widespread  blockade  of  pri-miRNA  processing 
observed  in  various  human  cancers. 

Cell  proliferation  and  differentiation  need  to  be  coordinated  for 
the  dynamic  control  of  organ  growth  and  repair.  The  molecular 
and  cellular  mechanisms  responsible  for  integrating  these  pro¬ 
cesses  remain  poorly  understood.  Because  the  Hippo-signaling 
pathway  plays  an  important  role  in  organ  size  control,  it  will  be  of 
interest  to  examine  the  relevance  of  miRNA  expression  changes 
in  that  context.  Elevated  miRNA  expression  likely  serves  to 
repress  cell  proliferation  and  promote  cell  differentiation  (Kanel- 
lopoulou  et  al.,  2005;  Yi  et  al.,  2009).  Failure  of  this  switching  may 
lead  to  uncontrolled  cell  expansion  and  widespread  repression 
of  miRNAs,  which  are  hallmarks  of  tumors.  Our  findings  that 
the  Hippo  pathway  synchronizes  cellular  expansion  and  miRNA 
biogenesis  illuminate  the  potential  for  new  therapeutics  that 
target  miRNA  biogenesis  for  the  treatment  of  human  cancers. 


Figure  7.  YAP  Mediates  the  Global  Repression  of  miRNA  Biogenesis  in  Tumors 

(A-N)  (A)  Mouse  model  of  YAP-induced  skin  tumorigenesis.  (B)  Expression  of  exogenous  human  YAP  S1 27A  and  endogenous  mouse  Yap  normalized  to  Hprt1  in 
isolated  epidermal  cells.  (C)  Expression  levels  of  YAP  target  genes  normalized  to  Hprt1 .  (D)  Mature  miRNA  expression  levels  normalized  to  sno142.  *p  <  0.05, 
Student’s  t  test.  (E)  Expression  levels  of  the  pri-miRNAs  normalized  to  Hprt1 .  (F)  Global  miRNA  analysis.  (G)  Mouse  model  of  YAP-induced  tumorigenesis  in  the 
liver.  (H)  Expression  levels  of  mouse  Yap  normalized  to  Hprt1 .  (I)  The  expression  levels  of  YAP  target  genes  normalized  to  Hprt1 .  (J)  Mature  miRNA  expression 
levels  normalized  to  snol  42.  *p  <  0.05,  Student’s  t  test.  (K)  Relative  expression  levels  of  the  pri-miRNAs  normalized  to  Hprt1 .  (L)  Global  miRNA  analysis  in  the  liver 
tissues.  (M)  Co-IP  with  p72  in  the  normal  tissues  and  tumors  from  the  mouse  livers.  (N)  Proposed  model. 

Data  are  represented  as  mean  ±  SEM.  See  also  Figure  S6. 
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EXPERIMENTAL  PROCEDURES 
Cell  Lines 

HaCaT  cells  were  cultured  in  DMEM  +  10%  FBS.  At  low  density,  cells  existed 
as  single  cells  or  small  colonies.  For  high-density  conditions,  similar  numbers 
of  cells  were  seeded  in  a  smaller  culture  dish  than  the  low-density  condition 
and  were  cultured  to  reach  confluency.  Percent  confluence  was  estimated 
by  microscopic  observation.  plnducer20  (Meerbrey  et  al.,  2011)  -YAP 
5SA,  -YAP  S94A,  or  -YAP  S94A/5SA  was  transduced  to  generate  doxycy- 
cline  (Dox)-inducible  HaCaT  and  HepG2  cell  lines.  The  transduced  cells 
were  selected  with  G418  (400  ng/ml)  for  2  weeks.  For  YAP  induction,  Dox 
was  added  at  1000  ng/ml  for  4  days.  HEK293T-Flag-DROSHA  cells  (Gregory 
et  al.,  2004)  were  cultured  in  DMEM  +  10%  FBS  with  puromycin  (2  |ag/ml). 
For  proliferation  assays,  cells  were  plated  at  1 .5  x  10^  cells/ml  in  triplicate  in 
6-well  plates  and  were  counted  at  the  indicated  time  points.  SV40  LT-immor- 
talized  Lats1“^“;Lats2^'^^'  MEFs  were  described  previously  (Kim  et  al.,  2013). 
For  Lats2  deletion,  Ad5-CMV-Cre  (Gene  Transfer  Vector  Core,  University  of 
Iowa)  was  infected. 

Plasmids 

Plasmids  for  YAP,  YAP  S127A,  WW1-,  WW2-,  WW1/WW2  mutants,  AC,  and 
a-catenin  were  described  previously  (Schlegelmilch  et  al.,  2011).  Plasmids 
for  YAP  S94A,  S94A/5SA  (Zhao  et  al.,  2008),  HA-p72-WT,  and  K50R  (Mooney 
et  al.,  2010)  were  kindly  provided.  pRL-MYC-3'UTR  (Kumar  et  al.,  2007)  was 
from  Addgene  (Plasmid  14806).  Luciferase  assays  were  performed  using 
dual-luciferase  reporter  system  (Promega).  Lipofectamine  2000  (Invitrogen) 
was  used  for  transfections. 

Microprocessor  Reporter 

For  the  Microprocessor  reporter,  the  human  pre-miR-125b  stem  loop  with  the 
flanking  upstream  and  downstream  sequences  were  inserted  to  the  3'  UTR  of 
Renilla  luciferase  gene  in  psiCHECK2  plasmid  (Table  SI ).  For  the  mutated  con¬ 
trol  (Astern  loop),  the  stem  loop  was  deleted  (T able  SI ).  For  the  motif  deletions, 
GCATCC  (+16  to  +21  in  the  3'FS,  “Amotif”)  or  the  proximal  sequence  of  3TS 
(+1  to  +65  in  the  3TS,  “Aproximal”)  was  deleted. 

Gene  Expression  Analysis 

For  miRNA,  RNA  extraction  was  with  TRIzol  (Invitrogen).  TaqMan  miRNA 
assays  (Applied  Biosystems)  were  used  to  quantify  mature  miRNA  expres¬ 
sion.  Pri-miRNA  levels  were  analyzed  by  qPCR  using  Fast  SYBR  Green 
Master  Mix  (Applied  Biosystems).  For  pre-miRNA  quantification,  small 
RNAs  were  enriched  using  mirVana  (Ambion).  Primers  used  for  qPCR 
are  listed  in  Table  S2.  TaqMan  probes  (Applied  Biosystems)  were  used 
for  mRNA  quantification.  For  knockdown  experiments,  Lipofectamine 
RNAiMAX  (Invitrogen)  was  used  to  transfect  siRNAs  (sequences  in  Table 
S3)  at  10  nM. 

Northern  Blot 

Total  RNA  was  isolated  from  5x10^  cell  HaCaT  cells  cultured  at  either  low 
or  high  densities.  100  fmoles  of  control  RNA  (GL2  siRNA,  5'-  CGUACGCG 
GAAUACUUCG-30  was  spiked  into  cell  lysates.  Northern  blots  were  per¬ 
formed  as  described  (Gregory  et  al.,  2004). 

Immunoprecipitation  and  Western  Blot 

Cells  were  lysed  with  NETN  buffer  (100  mM  NaCI,  20  mM  Tris-CI  (pH  8.0), 
0.5  mM  EDTA,  0.5%  Nonidet  P-40).  After  centrifugation  at  20,000  x  g  at 
4°C  for  5  min,  lysates  were  pretreated  with  Protein  A/G  Sepharose  beads 
(Sigma)  and  incubated  with  antibodies  at  4°C  overnight.  The  protein-antibody 
complexes  were  incubated  with  protein  A/G  sepharose  at  4°C  for  1  hr.  For  the 
IP  with  Flag  or  HA  tag,  the  pretreated  lysates  were  incubated  with  anti-Flag 
M2  Affinity  Gel  (A2220,  Sigma-Aldrich),  EZview  Red  Anti-HA  Affinity  Gel 
(Sigma),  or  control  IgG  AC  (Santa  Cruz)  at  4°C  for  1  hr.  The  beads  were 
washed  three  times  with  NETN  200  buffer  (200  mM  NaCI,  20  mM  Tris-CI 
[pH  8.0],  0.5  mM  EDTA,  and  0.5%  Nonidet  P-40).  The  sample  buffer  was 
added  and  incubated  at  95°C  for  5  min.  After  centrifugation  at  20,000  x  g 
for  1  min,  the  supernatants  were  collected  for  western  blot  analysis  using 
antibodies  in  Table  S4. 


Fractionation  of  Protein  Complexes 

Whole-cell  lysates  of  HaCaT  cells  cultured  at  the  low  and  high  densities  were 
fractionated  with  Superose  6  gel  filtration  column  as  described  previously 
(Gregory  et  al.,  2004).  Fractions  from  the  gel-filtration  chromatography  were 
concentrated  with  Amicon  Ultra  centrifugal  filters  (Millipore)  and  analyzed  by 
SDS-PAGE  and  western  blot. 

Immunocytochemistry 

HaCaT  cells  were  fixed  with  4%  paraformaldehyde  for  10  min  at  RT,  permea- 
bilized  with  0.1%  Triton  X-1 00  fori  minatRT,  blocked  with  2%  FBS,  and  incu¬ 
bated  with  antibody  against  YAP  (1 :200,  Cell  Signaling,  #4912)  and  p72  (1 :200, 
Bethyl  Laboratories,  A300-509A)  at  4°C  overnight.  After  washing  PBS,  cells 
were  incubated  with  anti-mouse-Alexa  Fluor  488  and  anti-rabbit-Alexa  Fluor 
546  (1:1,000,  Invitrogen).  Nuclei  were  stained  with  DAP  (Invitrogen). 

Microprocessor  Assay 

Microprocessor  was  purified  from  HEK293T-Flag-DROSHA  stable  cell  line 
96  hr  after  transfection  of  siRNA  for  NF2,  LATS2,  p72,  or  DGCR8,  or  negative 
control.  In  vitro  transcription  of  pri-miR-21  and  miR-125b-1  and  Micropro¬ 
cessor  assays,  using  affinity-purified  Flag-Drosha  complexes  was  performed 
as  described  previously  (Gregory  et  al.,  2004). 

miRNA  Giobal  Expression  Analysis 

nCounter  miRNA  assay  (nanoString,  Geiss  et  al.,  2008)  was  used  for  global 
miRNA  analysis.  miRNAs  with  normalized  expression  levels  more  than  those 
of  negative  control  probes  were  analyzed.  The  miRNA  expression  was  normal¬ 
ized  to  all  miRNAs  except  for  liver  analysis,  which  was  normalized  with  the  top 
100  genes.  For  hierarchical  clustering  analysis,  the  normalized  values  for  each 
miRNA  were  z  transformed  and  Multiple  Experiment  Viewer  (Saeed  et  al., 
2006)  was  used  for  computing  the  complete  linkage  hierarchical  clustering 
algorithm  with  the  Pearson  correlation  metric.  The  gene  ontology  enrichment 
analyses  for  miRNAs  were  performed  with  starBase  (Yang  et  al.,  2011). 
Bonferroni-corrected  p  values  were  presented. 

Motif  Analysis 

For  discovering  potential  p72  recognition  sites  in  the  pri-miRNA,  the 
pre-miRNA  sequences  with  flanking  regions  --55  nt  upstream  and  55  nt 
downstream  were  obtained  from  the  Ensemble  database.  The  sequences 
were  analyzed  with  Improbizer  (http://users.soe.ucsc.edu/— kent/improbizer/ 
improbizer.html)  sequence  logos  were  generated  using  WebLogo  (Crooks 
etal.,2004). 

Recombinant  p72  Protein  Purification  and  EMSA 

His-tagged  p72  was  expressed  and  purified  from  BL21-CodonPlus  Compe¬ 
tent  bacteria  (Stratagene).  EMSA  with  internally  labeled  pri-miR-125b,  pri- 
miR-21,  or  mutated  pri-miR-21  (sequences  in  Table  S5)  was  performed  in 
binding  buffer  (50  mMTris  [pH  7.5],  100  mM  NaCI,  10  mM  2-mercaptoethanol, 
20  U  RNasin  [Promega],  1  mM  ATP)  with  1  nM  pri-miRNA  and  incubating  for 
45  min  at  RT.  Bound  complexes  were  resolved  on  native  3.5%  polyacrylamide 
gels  and  visualized  by  radiography. 

Soft  Agar  Assay 

HepG2  cell  lines  were  suspended  in  DMEM  with  10%  FBS,  0.3%  SeaPlaque 
agarose  (Lonza,  #50101),  and  1,000  ng/ml  Dox  and  were  plated  at  3,000 
cells/well  in  a  6-well  culture  dish  on  a  layer  of  0.6%  agar  containing  the 
same  medium.  DMEM  with  10%  FBS  and  1000  ng/ml  Dox  was  added  on 
the  gels.  Cell  colonies  were  stained  with  crystal  violet  after  14  days  in  culture 
and  quantified  with  Image  J. 

Mouse  Models 

Mouse  experiments  were  approved  by  the  BCH  Animal  Care  and  Use  Com¬ 
mittee  and  were  performed  in  accordance  with  all  relevant  guidelines  and 
regulations. 

Skin  Tumorigenesis  Model 

Adult  Col-tetO-YAP^^^^^^  K14-Cre  (“+Cre”  group)  and 

P26st°prtTA/+  Col-tetO-YAP^^^^^^  (“-Cre”  control  group,  n  =  6)  were  treated 
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for  8  days  with  Dox  (1  mg/ml)  administered  in  drinking  water.  The  epidermai 
ceiis,  which  are  enriched  for  the  skin  progenitor  ceiis,  were  coiiected  as 
described  (Schiegelmiich  et  al.,  2011). 

Liver  Tumorigenesis  Model 

Nf2fi/fi  (Benhamouche  et  al.,  2010)  female  mice  (n  =  3)  were  administered 
PBS  or  AAV2/8-Cre  (AV-8-PV1091 ,  University  of  Pennsylvania  Vector  Core, 
MOI  =  10^^)  to  induce  hepatocyte-specific  deletion  of  Nf2  gene.  Livers  were 
inspected  after  50  weeks  tumors  were  collected  for  analysis. 

Statistical  Analysis 

For  all  quantified  data,  mean  ±  SEM  is  presented.  Statistical  significance  be¬ 
tween  two  experimental  groups  is  indicated  by  an  asterisk,  and  comparisons 
were  made  using  the  Student’s  t  test,  p  values  less  than  0.05  were  considered 
significant. 
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SUMMARY 

The  Hippo-signaling  pathway  is  an  important  regu¬ 
lator  of  cellular  proliferation  and  organ  size.  However, 
little  is  known  about  the  role  of  this  cascade  in  the 
control  of  cell  fate.  Employing  a  combination  of  line¬ 
age  tracing,  clonal  analysis,  and  organoid  culture 
approaches,  we  demonstrate  that  Hippo  pathway 
activity  is  essential  for  the  maintenance  of  the  differ¬ 
entiated  hepatocyte  state.  Remarkably,  acute  inacti¬ 
vation  of  Hippo  pathway  signaling  in  vivo  is  sufficient 
to  dedifferentiate,  at  very  high  efficiencies,  adult 
hepatocytes  into  cells  bearing  progenitor  character¬ 
istics.  These  hepatocyte-derived  progenitor  cells 
demonstrate  self-renewal  and  engraftment  capacity 
at  the  single-cell  level.  We  also  identify  the  NOTCH- 
signaling  pathway  as  a  functional  important  effector 
downstream  of  the  Hippo  transducer  YAP.  Our  find¬ 
ings  uncover  a  potent  role  for  HippoA^AP  signaling 
in  controlling  liver  cell  fate  and  reveal  an  unprece¬ 
dented  level  of  phenotypic  plasticity  in  mature 
hepatocytes,  which  has  implications  for  the  under¬ 
standing  and  manipulation  of  liver  regeneration. 

INTRODUCTION 

The  liver  has  a  tremendous  latent  regenerative  capacity.  Within  a 
few  days,  90%  of  the  liver  mass  lost  to  a  partial  hepatectomy  can 
be  restored  by  hepatocyte  proliferation  of  the  remaining  liver 
lobes.  Under  conditions  of  extreme  stress  or  chronic  injury,  a 
population  of  atypical  ductal  cells,  usually  referred  to  as  “oval 
cells,”  emerges  from  the  bile  ducts  and  is  thought  to  participate 
in  liver  repair  (Oertel  and  Shafritz,  2008;  Turner  et  al.,  2011). 
These  putative  hepatic  progenitor  cells  are  able  to  differentiate 
into  hepatocytes  and  biliary  cells  as  evidenced  by  lineage  tracing 
studies  after  injury  (Espanol-Suner  et  al.,  2012;  Huch  et  al.. 


2013).  However,  the  fate  relationships  between  hepatocytes, 
ductal  cells,  and  progenitors  are  still  unclear  and  highly  debated 
(Greenbaum,  2011;  Michalopoulos,  2012).  Also  lacking  is  the 
identification  of  signaling  pathways  that  specify  and  maintain 
progenitor  fate  within  the  liver. 

The  Hippo/YAP-signaling  pathway  is  a  critical  regulator  of  liver 
size  (Camargo  et  al.,  2007;  Dong  et  al.,  2007).  Hippo  pathway 
signaling  engagement  results  in  phosphorylation  and  inactiva¬ 
tion  of  the  transcriptional  coactivator  YAP  (Ramos  and  Camargo, 
2012).  Components  of  this  signaling  cascade  include  the  tumor 
suppressor  NF2,  the  scaffolding  molecule  WW45,  the  Drosophila 
Hippo  orthologs  MST1/2,  and  their  substrates,  the  kinases, 
LATS1/2.  YAP  phosphorylation  by  LATS1/2  results  in  its  cyto¬ 
plasmic  localization  and  proteolytic  degradation  (Oka  et  al., 
2008;  Zhao  et  al.,  2007).  YAP  exerts  its  transcriptional  activity 
mostly  by  interacting  with  the  TEAD  family  of  transcription  fac¬ 
tors  and  activating  target  gene  expression  (Wu  et  al.,  2008; 
Zhang  et  al.,  2008).  Manipulation  of  Hippo  pathway  activity  leads 
to  profound  changes  in  liver  cell  proliferation.  YAP  overexpres¬ 
sion  results  in  approximately  a  4-fold  increase  in  liver  size  within 
weeks  (Camargo  et  al.,  2007;  Dong  et  al.,  2007).  Additionally, 
acute  postnatal  loss  of  Mst1/2  (Zhou  et  al.,  2009),  Nf2  (Benha- 
mouche  et  al.,  2010),  and  Ww45  (Lee  et  al.,  2010)  leads  to 
increased  YAP  levels,  resulting  in  hepatomegaly  and  eventually 
liver  cancer.  In  most  of  these  models,  the  presence  of  a  large 
number  of  atypical  ductal  cells  has  led  to  the  prevailing  view 
that  overgrowth  in  these  models  is  mostly  driven  by  the  activa¬ 
tion  and  expansion  of  putative  progenitors  (Benhamouche 
et  al.,  2010).  However,  given  that  genetic  manipulations  in  these 
mice  occurred  in  all  liver  populations  (hepatocytes,  ductal  cells, 
and  progenitors),  it  is  still  unknown  which  cell  types  within  the 
liver  respond  to  alterations  in  Hippo  signaling.  Furthermore,  the 
identity  of  the  functional  YAP  transcriptional  targets  that  drive 
these  responses  remain  to  be  elucidated. 

Here,  we  demonstrate  that  Hippo/YAP  signaling  plays  an 
essential  role  by  determining  cellular  fates  in  the  mammalian  liver. 
Elevated  YAP  activity  defines  hepatic  progenitor  identity  and  its 
ectopic  activation  in  differentiated  hepatocytes  results  in  their 
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dedifferentiation,  driving  liver  overgrowth  and  “oval”  cell  appear¬ 
ance.  Our  data  identify  the  NOTCH-signaling  pathway  as  one 
important  downstream  target  of  YAP  in  liver  cells.  Our  work  also 
uncovers  a  remarkable  plasticity  of  the  mature  hepatocyte  state. 

RESULTS 

YAP  Is  Enriched  and  Activated  in  the  Biliary 
Compartment 

The  identity  of  the  Hippo-responsive  cells  within  the  liver  is 
unclear.  To  bring  insight  into  this  question,  we  analyzed  Hippo 
pathway  signaling  activity  in  the  epithelial  compartments  of  the 
mammalian  liver.  YAP  is  expressed  at  high  levels  in  bile  ducts, 
with  many  ductal  cells  displaying  robust  nuclear  YAP  localization 
(Figure  1A).  YAP  protein  is  detected  at  lower  levels  in  hepato- 
cytes  (Li  et  al.,  2011;  Zhang  et  al.,  2010),  where  the  signal  is 
diffuse  throughout  the  cell  (Figure  1A).  Immunohistochemical 
(IHC)  analysis  of  livers  with  a  mosaic  deletion  of  YAP  confirms 
this  observation  (Figure  1A,  right  panel).  Immunoblot  analyses 
confirm  higher  levels  of  YAP  protein  in  purified  ductal  cells  and 
also  indicate  a  robust  decrease  in  relative  phospho-YAP  levels 
(Figure  IB).  Gene  expression  analysis  of  isolated  hepatocytes 
versus  sorted  ductal  cells  further  demonstrates  a  marked  enrich¬ 
ment  of  YAP/TEAD  target  genes,  as  well  as  of  Yap1  itself,  in  the 
ductal  fraction  (Figure  1C;  Figure  SI  A  available  online). 

To  extend  these  observations,  we  generated  mice  with  a  bac¬ 
terial  artificial  chromosome  (BAG)  knockin  of  EGFP  in  the  con¬ 
nective  tissue  growth  factor  gene  (Ctgf)  locus.  Ctgf  is  the  most 
highly  characterized  YAP  target  gene  (Lee  et  al.,  2010;  Lu 
et  al.,  2010).  In  support  of  our  staining  data,  we  find  that  EGFP 
expression  is  absent  in  hepatocytes  and  is  restricted  to  a  subset 
of  ductal  cells  expressing  the  markers  CK1 9,  SOX9,  and  A6  (Fig¬ 
ure  ID),  which  have  been  historically  associated  with  hepatic 
progenitors  and  the  ductal  fate  (Demetris  et  al.,  1996;  Dorrell 
et  al.,  201 1 ;  Engelhardt  et  al.,  1993).  CTGF  protein  was  also  en¬ 
riched  in  biliary  cell  lysates  (Figure  IB),  confirming  enhanced 
YAP  transcriptional  activity  in  this  cellular  compartment.  Thus, 
our  results  demonstrate  that  YAP  activity  and  expression  is  high¬ 
ly  enriched  in  a  subset  of  ductal  cells  expressing  markers  asso¬ 
ciated  with  progenitor  cells.  On  the  other  hand,  mature  hepato¬ 
cytes  display  higher  Hippo  pathway  activity  as  YAP  nuclear 
levels  and  transcriptional  activity  are  reduced. 

YAP  Activation  Induces  a  Ductal  Fate  in  Hepatocytes 

We  then  sought  to  evaluate  the  differential  effects  of  HippoA'AP 
manipulation  in  hepatocytic  and  ductal/progenitor  cellular  com¬ 
partments  in  vivo.  These  experiments  would  provide  insight  into 
the  nature  of  the  cell  type(s)  that  respond  to  YAP  and  are  respon¬ 
sible  for  liver  overgrowth. 

We  first  utilized  a  Ck19-CreERT  driver  to  activate  expression 
of  a  doxycycline  (Dox)-inducible  version  of  human  YAP  carrying 
an  S127A  mutation  (TetOYAP;  Figure  SIB).  This  protein  has 
enhanced  nuclear  localization  by  escaping  inactivation  by 
LATS1/2  (Zhao  et  al.,  2007).  Tamoxifen  injection  into  mice  fol¬ 
lowed  by  Dox  administration  leads  to  mosaic  activation  of  trans¬ 
genic  YAP  (Figure  SIB).  Cells  expressing  the  transgene  can  be 
visualized  given  that  the  YAP  antibody  used  has  a  much  higher 
affinity  for  human  YAP.  Two  weeks  post-Dox,  YAP  transgene¬ 


expressing  (Tg)  CK19+  cells  appeared  to  take  on  a  rounded 
morphology  that  distinguished  these  cells  from  the  remainder 
of  the  cuboidal  biliary  epithelium  (Figure  SIB).  Four  and  eight 
weeks  post-Dox,  larger  groups  of  cells  appeared  to  grow  within 
the  ductal  epithelium,  occasionally  forming  multilayered  struc¬ 
tures  (Figure  SI  B).  Because  putative  liver  progenitors  are  known 
to  express  CK19,  we  hypothesized  that  YAP  expression  would 
expand  such  a  cell  population  and  mimic  an  atypical  ductular  re¬ 
action,  where  progenitors  exit  out  of  the  portal  area  and  enter 
into  the  hepatic  parenchyma  (Demetris  et  al.,  1996).  No  such 
cells  were  identified,  suggesting  that  expression  of  activated 
YAP  in  the  biliary/progenitor  compartment  results  in  ductal 
hyperplasia  but  does  not  result  in  progenitor  activation  or  in  their 
entry  into  the  hepatocyte  compartment. 

Directed  hepatocyte-specific  activation  of  YAP  was  achieved 
by  administering  a  Cre-expressing  adenoassociated  virus  (AAV- 
Cre)  to  TetOYAP  mice  (Figure  IE).  AAV2/8  preferentially  targets 
hepatocytes  and  is  currently  the  method  of  choice  for  gene  de¬ 
livery  to  this  cell  type  (Fan  et  al.,  2012;  Malato  et  al.,  2011). 
Furthermore,  this  vector’s  cell-type  specificity  was  improved 
by  using  a  liver-specific  promoter  to  drive  Cre  (Tanigawa  et  al., 
2007).  We  validated  the  hepatocyte  specificity  of  this  virus  by 
immunofluorescence  examination  of  tissues  (Figure  SIC)  and 
by  fluorescence-activated  cell  sorting  (FACS)  analysis  of  isolated 
hepatocyte  and  ductal  fractions  (Figure  SID).  Additionally,  we 
generated  liver  organoids  from  Cre-reporter  mice  infected  with 
AAV-Cre  to  determine  if  any  organoid-forming  progenitors  would 
be  infected  with  the  virus  (Huch  et  al.,  2013)  (Figure  SI  E).  Com¬ 
bined,  these  analyses  confirmed  the  previously  reported  hepato¬ 
cyte  specificity  of  AAV-Cre,  although  it  suggested  that  an 
extremely  low  fraction  (0.2%-0.5%)  of  progenitors/ductal  cells 
could  be  infected  at  high  AAV-Cre  doses. 

TetOYAP  mice  that  were  exposed  to  AAV-Cre,  but  were  not 
given  Dox,  had  normal  appearing  livers  (Figure  IF).  In  contrast, 
AAV-Cre-treated  TetOYAP  mice  given  Dox  for  3  weeks  had  a 
rapid  increase  in  liver  growth  (Figures  1 F  and  SI  F).  Surprisingly, 
histological  analyses  of  +Dox  livers  revealed  the  widespread 
appearance  of  small  cells  with  scant  cytoplasm,  to  the  extent 
that  up  to  80%  of  the  liver  was  composed  of  this  cell  population 
(Figure  IF).  This  cellular  morphology  was  highly  reminiscent  of 
putative  progenitors  associated  with  typical  ductular  reactions. 
IHC  characterization  of  Tg  livers  revealed  strikingly  broad 
expression  of  the  ductal  markers  pan-cytokeratin  (panCK)  and 
HNF1  p  (Figure  1 G).  Additionally,  livers  were  overwhelmingly  pos¬ 
itive  for  SOX9  (Figure  1G),  whose  expression  was  initially  more 
prominent  around  portal  as  compared  to  central  venous  areas 
(Figure  S1G).  Likewise,  the  initial  wave  of  proliferation  was  pri¬ 
marily  centered  on  portal  areas  as  identified  by  phospho-Histone 
H3  staining  (Figure  S1H).  Overall,  our  data  suggest  that  YAP 
activation  in  hepatocytes  leads  to  overgrowth  and  the  emer¬ 
gence  of  cells  bearing  characteristics  of  ductal/progenitor  cells. 
In  contrast,  YAP  activation  in  the  ductal  compartment  cells  leads 
to  hyperplasia,  but  not  to  an  oval-cell-like  appearance. 

YAP  Activation  Dedifferentiates  Single  Adult 
Hepatocytes 

Our  data  above  could  be  explained  by  two  possibili¬ 
ties:  either  YAP  activation  dedifferentiates  hepatocytes  into 
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Figure  1 .  Hepatocyte-Specif ic  YAP  Expression  Results  in  Ductal/Progenitor  Marker  Expression 

(A)  YAP  protein/activity  is  enriched  in  a  subset  of  ductai  ceiis.  Controi  (Cti)  iiver  YAP  staining  (400 x)  shows  prominent  signaiing  in  biie  ductuies.  Arrowheads 
indicate  ductai  ceiis  with  nuciear  YAP  (inset  shows  magnified  view).  Yap^'^^'  mice  given  Ad-Cre  recombinase  (Ad-cre  Yap^'^^)  demonstrate  patchy  YAP  staining  in 
hepatocytes  (100x). 

(B)  immunobiots  of  human  hepatocyte  (Hep)  and  biiiary  (Bii)  iysates  for  YAP,  pYAP,  CTGF,  and  p-actin. 

(C)  Quantitative  reai-time  PGR  comparing  reiative  ieveis  of  YAP  and  YAP  targets  in  hepatocytes  (Hep)  and  biiiary  ceiis  (BC).  n  =  3;  mean  ±  SEM. 

(D)  Ctgf-EGFP  mice  show  EGFP  costaining  (Ctgf)  in  a  subset  of  CK19,  SOX9,  and  A6-expressing  ceiis. 

(E)  Experimentai  design  for  hepatocyte-specific  YAP  overexpression. 

(F)  Hematoxyiin  and  eosin  (H&E)  of  uninduced  (-Dox)  or  YAP  Tg  mouse  (+Dox)  for  21  days  foiiowing  injection  with  10^^  piaque-forming  units  (pfu)  of  AAV-Cre. 
Right  image  dispiays  a  magnification  of  inset. 

(G)  Representative  immunohistochimicai  stains  of  portai  areas  for  YAP,  panCK,  SOX9,  and  HNFip  for  the  mice  dispiayed  in  (F).  *p  <  0.05;  ***p  <  0.001. 

See  aiso  Figure  SI . 
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progenitor/ductal-like  cells  or  YAP  activation  leads  to  recruit¬ 
ment  and/or  expansion  of  a  progenitor/ductal  population.  To 
distinguish  between  these  two  possibilities,  we  titrated  the  viral 
titer  down  such  that  individual  hepatocytes  could  be  infected 
and  fate  mapped  for  months  without  interference  from  neigh¬ 
boring  clones  (Figure  2A).  Additionally,  for  many  of  these  exper¬ 
iments,  we  utilized  a  Cre-dependent  reporter  to  faithfully  assess 
the  cell  autonomy  of  this  phenotype.  Microscopic  examination  of 
mouse  livers  given  low-dose  AAV-Cre  revealed  that  single  hepa¬ 
tocytes  upon  YAP  activation  gradually  become  smaller  and 
adopt  an  oval  morphology  before  multiplying  and  forming  large 
ductular  structures  (Figure  2A).  These  clusters  costain  for  YAP, 
the  ductal  markers  panCK  and  CK19,  and  validated  progenitor 
markers,  such  as  SOX9,  MIC1C3,  and  A6  (Figure  2B)  (Dorrell 
et  al.,  2011;  Engelhardt  et  al.,  1993).  Furthermore,  we  noted  on 
a  regular  basis,  that  these  biliary  structures  were  tightly  associ¬ 
ated  with  nontransgenic  mesenchyme  (Figure  S2A).  No  similar 
structures  were  observed  in  control  animals. 

To  further  strengthen  these  observations,  we  simultaneously 
followed  the  expression  of  the  hepatocyte  marker  HNF4a  and 
panCK  in  YAP-expressing  clones.  These  were  also  lineage 
traced  with  a  Cre-dependent  EYFP  reporter  (R26-lsl-EYFP).  As 
expected,  all  EYFP+  clones,  prior  to  YAP  induction  were 
HNF4a+  and  panCK-,  confirming  the  hepatocyte-specific 
tropism  of  AAV-Cre  (n  =  172;  Figure  2C).  One  week  after  YAP 
induction,  multiple  EYFP+  clones  (36%,  n  =  388)  could  be  iden¬ 
tified  that  were  double  positive  for  panCK  and  HNF4a.  Interest¬ 
ingly,  many  of  these  clones  were  still  composed  of  single  cells, 
indicating  that  cell  division  is  not  necessary  for  the  initiation  of 
dedifferentiation  (Figure  2C).  These  hybrid  cells  appeared  like 
neighboring  hepatocytes  in  size  and  shape,  suggesting  a  transi¬ 
tional  state.  Moreover,  a  smaller  number  of  clones  had  extin¬ 
guished  hepatic  gene  expression  and  were  solely  panCK+ 
(7%).  After  Dox  administration  for  4  weeks,  more  than  75%  of 
clones  were  either  panCK+  only  or  contained  panCK+/HNF4a+ 
cells  (Figure  2Ci).  A  complementary  quantitative  analysis 
measuring  the  identity  of  all  transgenic  cells,  as  opposed  to 
clonal  output,  demonstrates  that  more  than  95%  of  EYFP+  cells 
at  4  weeks  were  panCK+  only  (Figure  2Cii).  A  similar  transitional 
state  and  clonal  fate  was  observed  when  costaining  for  EYFP/ 
HNF4a/SOX9  (Figure  S2B).  Altogether,  our  results  demonstrate 
that  high  levels  of  YAP  are  sufficient  to  impose  a  ductal/progen- 
itor-like  fate  on  adult  hepatocytes  in  a  cell-autonomous  manner. 
These  data  also  highlight  that  approximately  75%  of  adult  hepa¬ 
tocytes  have  the  capacity  to  undergo  this  fate  change  in  vivo. 

Hippo  Pathway  Signaling  Misregulation  Results 
in  Hepatocyte  Dedifferentiation 

We  next  asked  whether  changes  in  endogenous  hepatocyte  Hip¬ 
po  pathway  signaling  could  lead  to  hepatocyte  dedifferentiation. 
NF2  is  a  known  potent  negative  regulator  of  YAP  (Hamaratoglu 
et  al.,  2006),  and  ablation  of  A//2  in  all  liver  cell  types  results  in  he¬ 
patocellular  carcinoma  and  cholangiocarcinoma  (Benhamouche 
et  al.,  2010;  Zhang  et  al.,  2010).  Thus,  we  surmised  that  hepato¬ 
cyte-specific  Nf2  loss  would  result  in  liver  overgrowth  and  hepato¬ 
cyte  dedifferentiation  into  biliary/progenitor  cells  as  observed  with 
our  TetOYAP  model  (Figure  3A).  Two  months  following  /\AV-Cre 
administration  to  Nf2^'^^'  mice,  we  observed  ductular  structures 


highly  reminiscent  of  the  clusters  observed  in  the  TetOYAP  model 
(Figure  3B).  Similar  to  the  YAP  Tg  model,  progenitor/ductal  struc¬ 
tures  in  the  Nf2  mutant  livers  stained  prominently  for  YAP,  SOX9, 
and  panCK  (Figure  3C).  Additionally,  lineage  tracing  with  an  induc¬ 
ible  p-galactosidase  reporter  revealed  that  such  ductular  clusters 
were  derived  from  /\AV-Cre-transduced  cells  (Figure  3B,  inset). 
These  data  support  our  hypothesis  that  changes  in  endogenous 
Hippo  pathway  signaling  can  reprogram  hepatocytes  into  ductal 
cells  bearing  characteristics  of  hepatic  progenitors. 

YAP  Expression  Activates  a  Liver  Progenitor  Cell 
Program 

To  understand  the  molecular  basis  of  YAP-mediated  dedifferen¬ 
tiation,  and  to  bring  insight  into  the  molecular  identity  of  YAP  Tg 
cells,  we  isolated  EYFP+  cells  at  multiple  time  points  upon  Dox 
induction  and  performed  FACS  purification  followed  by  microar¬ 
ray  analysis  (Figure  4A).  As  expected,  we  observed  a  widespread 
and  progressive  silencing  of  the  hepatocyte  phenotype  and  a 
gradual  acquisition  of  genes  associated  with  embryonic  liver 
development  and  ductal/progenitor  features  (Figures  4B  and 
S3A).  Gene  set  enrichment  analysis  (GSEA)  demonstrates  that 
a  gene  signature  corresponding  to  endogenous  liver  progenitors 
strongly  correlated  with  YAP  transgenic  cells  (Figure  S3B).  YAP 
activation  does  not  simply  lead  to  hyperplastic  response  as  no 
enrichment  was  found  when  compared  to  a  gene  signature 
derived  from  livers  recovering  from  partial  hepatectomy  (Fig¬ 
ure  S3C).  Cur  analysis  also  revealed  several  upregulated  gene 
programs  that  define  the  reprogramming  process,  including 
those  associated  with  NCTCH,  TGFp,  and  EGFR  signaling  (Fig¬ 
ure  4C).  This  analysis  supports  the  notion  that  YAP  expression 
in  hepatocytes  extinguishes  hepatocyte-specific  gene  expres¬ 
sion  and  leads  to  the  specific  acquisition  of  a  molecular  state 
resembling  endogenous  liver  progenitors. 

Reintroduction  of  Hippo  Pathway  Signaling  Induces 
Differentiated  Fates  in  Reprogrammed  Hepatocytes 

Our  results  above  suggest  that  YAP  activation  in  hepatocytes 
dedifferentiates  them  into  cells  that  morphologically,  phenotyp- 
ically,  and  molecularly  resemble  putative  hepatic  progenitors. 
These  data  support  the  idea  that  elevated  YAP  activity  imposes 
a  progenitor  state  and  raises  the  possibility  that  reduction  of  YAP 
levels  in  liver  progenitors  could  allow  for  their  differentiation.  We 
thus  investigated  whether  hepatocyte-derived  progenitor-like 
cells  obtained  after  4  weeks  of  YAP  expression  could  give  rise 
to  mature  hepatocytes  in  situ,  following  the  cessation  of  Dox 
administration  (Figure  4D). 

Corroborating  our  previous  data,  4  weeks  post-Dox  adminis¬ 
tration,  more  than  98%  of  EYFP+  cells  were  panCK+  with  typical 
ductal  morphology  and  marked  mesenchymal  recruitment  (Fig¬ 
ures  4D  and  4E).  Following  Dox  removal  (chase  period),  EYFP+ 
cells  could  still  be  found  throughout  the  liver  parenchyma  at  4 
and  8  weeks  (Figure  4E).  Although  the  majority  of  the  EYFP+  cells 
(~80%)  retained  a  ductal  morphology  and  phenotype,  removal 
of  Dox  clearly  resulted  in  the  emergence  of  clusters  of  EYFP+ 
cells  with  mature  hepatocyte  morphology  (Figure  4D),  which  ex¬ 
pressed  HNF4a  but  lacked  expression  of  panCK  and  SOX9  (Fig¬ 
ure  4E).  Our  analysis  demonstrates  that  approximately  20%  of 
EYFP+  cells  showed  a  hepatocyte  phenotype  following  the 
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Figure  2.  Clonal  Analysis  of  YAP-Mediated  Dedifferentiation 

(A)  Low-dose  (1 0®  pfu)  AAV-Cre  and  Dox  administration  aiiows  cionai  tracking  of  hepatocytes  expressing  YAP  for  severai  weeks.  Representative  images  of  cionai 
events  at  1 , 2,  4,  and  8  weeks  post-Dox  (100x). 

(B)  Eight  weeks  post-Dox  singie  hepatocytes  give  rise  to  ectopic  ductai  structures  showing  expression  of  muitipie  progenitor/biiiary  markers. 

(legend  continued  on  next  page) 
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Figure  3.  Hepatocyte-Specific  Nf2  Loss  Results  in  Progenitor/Ductal  Dedifferentiation 

(A)  Experimental  design  for  generating  hepatocyte-specific  Nf2  loss. 

(B)  Representative  H&E  stains  of  A//2-deficient  (Mut)  livers  2  months  after  AAV-Cre  administration.  Inset  shows  a  LacZ-stained  nodule  from  an  Nf2  mutant  mouse. 

(C)  Stained  serial  section  of  a  biliary  malformation  for  YAP,  SOX9,  panCK,  and  Vimentin  from  an  Nf2  mutant  mouse  2  months  after  AAV-Cre. 


chase,  compared  to  only  ~1 .5%  observed  in  the  presence  of 
Dox.  Thus,  hepatocyte-derived  progenitors  can  redifferentiate 
into  the  hepatocyte  lineage  when  normal  Hippo  pathway 
signaling  is  re-established  in  vivo. 

Hepatocyte-Derived  Progenitors  Are  Clonogenic 

To  assess  progenitor  activity  in  the  liver,  we  utilized  a  recently 
developed  liver  organoid  culture  system  (Figure  S4A).  Consistent 
with  this  report,  epithelial  organoid  structures  express  ductal 
progenitor  markers  but  lack  hepatocyte  gene  expression  (Fig¬ 
ures  5C  and  S4B)  (Much  et  al.,  2013).  Interestingly,  liver  organo¬ 
ids  endogenously  demonstrate  high  YAP  activity,  displaying 
significant  enrichment  for  a  recently  described  YAP  gene  signa¬ 
ture  (Figure  S4C)  (Mohseni  et  al.,  2014). 

We  next  examined  if  hepatocyte-derived  progenitor-like  cells 
exhibit  clonogenic  capacity.  Whole-dissociated  liver  cells  from 
AAV-Cre-infected  TetOYAP/R26-lsl-EYFP  mice  given  Dox  for 
3  weeks  were  cultured  in  organoid  media  (Figure  5A).  Strikingly, 
hepatocyte- YAP  activation  results  in  a  striking  improvement  in 
organoid  number  compared  with  control  AAV-infected  Dox- 
uninduced  mice  (Figure  5B).  This  effect  is  also  observed  when 
similar  epithelial  cell  numbers  are  plated  (Figure  S4D).  Impor¬ 
tantly,  Tg  organoids  were  overwhelmingly  EYFP-i-,  indicating 
their  hepatocyte  origin,  which  contrasts  with  the  EYFP-,  biliary 
origin  of  control  organoids  (Figures  5B  and  S1E).  Enhancement 
progenitor  output  was  evident  in  cultures  grown  both  in  the  pres¬ 


ence  and  in  the  absence  of  Dox  (Figures  5B  and  S4D),  demon¬ 
strating  that  organoid  identity  and  growth  are  independent  of 
expression  of  the  transgene.  Hepatocyte-derived  organoids 
displayed  immunochemical  markers  in  a  similar  pattern  to  WT 
organoids  (Figure  5C).  Hierarchical  clustering  and  differential 
gene  expression  analysis  demonstrated  that  hepatocyte- 
derived  progenitors  are  closely  related  to  WT  organoids  and 
not  to  hepatocytes  (Figures  5D  and  5E).  Interestingly,  upregula- 
tion  of  fetal  hepatoblast  markers  Afp  and  Prox1  is  observed  in 
hepatocyte-derived,  but  not  in  control,  organoids  (Figure  S4F), 
suggesting  potentially  that  YAP  might  lead  to  the  activation  of 
an  embryonic-like  progenitor  phenotype.  Additionally,  hepato¬ 
cyte-derived  organoids  are  highly  enriched  for  an  endogenous 
liver  progenitor  gene  signature  (Figure  S4E;  p  <  0.001).  In  addi¬ 
tion,  many  of  the  upregulated  signaling  programs  we  identified 
in  vivo  (Figure  4C)  were  also  found  enriched  in  hepatocyte- 
derived  organoids  (Figure  S4I). 

To  conclusively  assess  the  self-renewal,  differentiation,  and 
engraftment  capacity  of  hepatocyte-derived  progenitors,  we 
generated  organoids  from  single-sorted  EYFP-i-  cells  from 
AAV-Cre/Dox-treated  TetOYAP/R26-lsl-EYFP  mice  (Figure  5F). 
Following  single-cell  sorting,  clonal  expansion  was  carried  out 
in  a  monolayer,  as  YAP  expression  allowed  growth  and  mainte¬ 
nance  of  the  progenitor  state  in  this  context  (Figures  5G,  S4G, 
and  S4H).  Addition  of  a  NOTCH  inhibitor  and  Dox  withdrawal 
to  these  cultures  led  to  suppression  of  the  biliary/progenitor 


(C)  Clonal  and  dynamic  analysis  of  fate  change  driven  by  YAP.  Representative  images  and  quantitation  of  hepatocyte  to  progenitor/ductal  cell  dedifferentiation 
following  YAP  expression.  Arrowhead  indicates  weak  HNF4a  staining.  Bar  graphs  represent  measurements  of  cellular  fates  as  examined  by  the  presence  of 
HNF4a  only,  HNF4a/panCK,  or  panCK  only  in  clones  or  individual  cells  within  clones.  Table  indicates  number  of  mice,  clones,  and  cells  examined  for  the 
associated  analysis. 

See  also  Figure  S2. 
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Figure  4.  Molecular  Characterization  of  Dedifferentiated  Hepatocytes  and  Consequences  of  Restoring  Endogenous  Hippo  Pathway 
Signaling 

(A)  Schematic  representation  of  EYFP+  ceii  isoiation  from  induced  TetOYAP  mice.  Representative  FACS  piot  1  week  after  Dox  administration  is  shown. 

(B)  Heatmap  of  6,536  rank-ordered  differentiaiiy  expressed  genes  from  microarray  experiments  from  hepatocytes  (controi)  and  sorted  EYFP+  hepatocytes 
expressing  YAP  for  1  or  6  weeks.  Hepatocytic,  biiiary,  and  YAP  target  genes  are  indicated  to  the  right. 

(C)  Heatmap  of  1 ,762  genes  grouped  by  transcriptionai  gene  program  using  Mciust.  Annotated  transcriptionai  programs  of  interest  are  noted  to  the  right. 

(D)  Experimental  design  for  the  evaluation  of  fate  outcomes  following  Dox  removal  in  hepatocytes  exposed  to  Dox  for  4  weeks.  EYFP  stains  of  representative 
slides  from  TetOYAP  mice  given  AAV-cre,  placed  on  Dox  for  4  weeks  (YAP  Tg)  and  following  a  4  or  8  week  Dox  wash  period  (YAP  Tg  +  Chase,  200x).  Arrowheads 
indicate  EYFP+  cells  with  hepatocyte  morphology. 

(E)  Triple  stain  of  a  representative  image  (200x)  (4  week  on,  4  week  chase)  showing  HNF4a  (green),  panCK  (red),  EYFP  (white),  and  merge  picture.  Dot  plot  of 
average  number  of  EYFP+  cells  for  the  indicated  staining  patterns  and  representative  treatments.  Horizontal  line  and  number  represents  the  mean.  One-way 
ANOVA  was  performed  using  the  Kruskal-Wallis  test. 

See  also  Figure  S3. 


1 330  Cell  157,  1 324-1 338,  June  5,  201 4  ©201 4  Elsevier  Inc. 


CELL  7541 


Cell 


fate  and  emergence  of  hepatocytic  cells  (Figure  5H).  We  next 
evaluated  the  in  vivo  engraftment  potential  of  hepatocyte- 
derived  progenitor  clones  by  transplanting  them  into  fumarylace- 
toacetate  hydrolase-deficient  (Fah~^~)  mice.  Fah  deficiency 
results  in  liver  failure  unless  mutant  mice  are  administered  2-[2- 
nitro-4-(trifluoromethyl)benzoyl]cyclohexane-1 ,3-dione  (NTBC) 
(Grompe  et  al.,  1995).  Differentiated  cells  derived  from  a  progen¬ 
itor  clone  were  injected  intrasplenically  into  Fah~^~  mice 
(Figure  5F),  and  4-5  months  posttransplantation  donor  cell 
engraftment  was  assessed  by  IHC.  Remarkably,  three  out  of 
four  recipient  mice  displayed  evidence  of  widespread  repopula¬ 
tion  (>60%)  by  EYFP+  cells  (Figure  5I).  EYFP^  clusters  stained 
positive  for  FAH  and  HNF4a  and  negative  for  CK19  (Figure  51), 
indicating  an  acquisition  of  a  mature  hepatocyte  phenotype. 
Our  results  are  similar  to  the  extent  of  repopulation  typically 
observed  upon  transplantation  of  freshly  isolated  hepatocytes 
(Figure  S4J).  These  results  highlight  the  capacity  of  hepato- 
cyte-derived  progenitors  to  be  amplified  and  to  undergo  rediffer¬ 
entiation  into  hepatocytes  at  the  single-cell  level.  Overall,  our 
data  suggest  that  YAP  activation  in  mature  hepatocytes  is  suffi¬ 
cient  for  imposing  a  molecular  and  bona  fide  functional  progen¬ 
itor  state. 

NOTCH  Signaling  Downstream  of  YAP  during 
Reprogramming 

In  our  bioinformatic  analysis  of  pathways  activated  in  response 
to  hepatocyte-specific  YAP  expression,  we  found  several  upre- 
gulated  developmental  cascades  that  could  explain  some  of  the 
phenotypes  observed  (Figures  4C  and  S4I).  The  most  upregu- 
lated  pathway  in  vivo  and  in  vitro  was  NOTCH  signaling.  This 
pathway  is  known  to  be  an  important  determinant  of  biliary  cell 
fate  and  growth  during  embryogenesis  (Hofmann  et  al.,  2010; 
Zong  et  al.,  2009).  Quantitative  real-time  PCR  of  EYFP+-sorted 
cells  1  week  after  YAP  activation  confirmed  striking  upregulation 
of  several  members  of  the  NOTCH  pathway,  including  Notch1/2, 
Jag1,  and  the  NOTCH  target  genes  Hes1  and  Sox9  (Figure  6A). 
Immunostaining  for  HES1  confirmed  NOTCH  pathway  activation 
in  YAP-expressing  hepatocytes  (Figure  6B).  We  next  investi¬ 
gated  whether  some  of  these  NOTCH  genes  are  direct  transcrip¬ 
tional  targets  of  the  YAPATEAD  complex.  Analysis  of  published 
genome-wide  chromatin  occupancy  revealed  significant  enrich¬ 
ment  of  TEAD4  in  the  promoter  regions  of  Notch2  and  Sox9  in 
mouse  trophoblast  stem  cells  (Home  et  al.,  2012).  We  validated 
the  presence  of  TEAD4  binding  in  these  regions  using  chromatin 
immunoprecipitation  (ChIP)  in  dedifferentiated  hepatocytes  and 
also  demonstrated  robust  binding  of  YAP  (Figure  60).  Further¬ 
more,  analysis  of  human  ChiP-Seq  data  for  TEAD4  in  human 
HepG2  cells  exposed  conserved  regions  of  occupancy  in  both 
NOTCH2  and  SOX9  (Figure  S5A).  TEAD4  and  YAP  binding  in 
these  regions  was  confirmed  by  ChIP-PCR  (Figure  S5A).  We 
focused  on  the  bound  region  of  Notch2  as  YAPATEAD  binding 
to  this  region  displayed  the  highest  signal-to-noise  ratio.  Addi¬ 
tionally,  NOTCH2  is  the  critical  mammalian  NOTCH  receptor 
involved  in  ductal  development  (Geisler  et  al.,  2008;  McCright 
et  al.,  2002).  We  found  two  TEAD  consensus  binding  sites  in  a  re¬ 
gion  750-1,150  bp  downstream  of  the  Notch2  transcriptional 
start  site.  This  region  was  cloned  into  a  luciferase  reporter 
plasmid  to  evaluate  its  responsiveness  to  YAPATEAD.  Expres¬ 


sion  of  YAPS127A  drastically  increased  luciferase  activity  in 
cholangiocarcinoma  cells,  whereas  YAPS94A,  a  YAP  mutant 
unable  to  bind  TEAD  proteins  (Zhao  et  al.,  2008),  had  no  effect 
on  reporter  activity.  As  predicted,  mutation  of  the  TEAD  binding 
sites  in  the  Notch2  promoter  region  abrogates  the  YAPS127A- 
driven  increase  in  luciferase  expression  (Figure  6D),  indicating 
a  functional  role  for  these  elements  in  driving  Notch2  gene 
expression.  In  support  of  YAP  being  important  for  the  expression 
of  Notch2,  Ad-Cre-mediated  deletion  of  Yap  and  its  homolog 
Taz  in  liver  organoids  derived  from  Yap^'^^'lTaz^'^^'  conditional 
knockout  mice  results  in  an  acute  and  significant  downregulation 
of  Notch2  transcript  levels  (Figure  6E).  Similarly,  YAPATAZ 
knockdown  in  human  cholangiocarcinoma  cells  results  in 
50%-75%  reduction  of  Notch2  mRNA  (Figure  S5B).  Thus,  our 
results  suggest  that  YAPATEAD  directly  regulates  transcription 
of  Notch2  and  other  NOTCH  pathway  genes  to  modulate 
NOTCH  signaling. 

Finally,  we  sought  to  examine  the  functional  role  of  NOTCH 
signaling  downstream  of  YAP  in  vivo.  Despite  the  many  NOTCH 
receptors,  NOTCH  signaling  is  mediated  through  a  single  tran¬ 
scriptional  coactivator,  RBPJ.  We  generated  TetOYAP  mice 
also  carrying  a  conditional  RpbJ  and  mT/mG  reporter  alleles  (Fig¬ 
ure  7A),  which  were  then  treated  with  AAV-Cre  followed  by  Dox 
treatment.  Control  experiments  demonstrated  high-efficiency 
RbpJ  deletion  exclusively  in  the  hepatocytic  compartment  of 
injected  mice  (Figure  S6B).  At  high  doses  of  AAV-Cre,  deletion 
of  Rbp]  dampened  the  appearance  of  small  ductal-looking  cells 
and  overall  liver  hyperplasia  (Figure  S6A),  and  significantly 
reduced  the  number  of  CK1 9-  and  JAG1  -positive  cells  emerging 
2  weeks  following  Dox  treatment  (Figure  7B).  Ck19  and  Jag1  are 
not  considered  RPBJ  transcriptional  targets.  Even  more  striking 
observations  were  made  in  the  low-dose  context,  where  clonal 
outputs  could  be  measured  and  evaluated  at  longer  time  points. 
These  experiments  demonstrate  that  NOTCH  inhibition  resulted 
in  a  significant  and  drastic  reduction  in  the  size  of  dedifferenti¬ 
ated  clones  (Figure  7C).  Additionally,  the  vast  majority  of  Rbpj- 
mutant  clusters  exhibited  poorly  developed  biliary  morphology 
and  absent  mesenchymal  recruitment  (Figures  7C  and  7D). 
Clonal  analyses  revealed  that  fate  outputs  of  YAP-expressing 
hepatocytes  were  altered  in  the  absence  of  NOTCH  signaling, 
as  only  25%  of  clones  were  CK19+/HNF4a-  compared 
to  >97%  of  control  clones  at  12  weeks  of  induction  (Figure  7D). 
Single  transcript  in  situ  hybridization  confirmed  reduction  of 
mRNA  in  RbpJ  mutant  clones  (Figure  S6C).  Altogether,  these 
data  provide  evidence  that  HippoA'AP  act  upstream  of  the 
NOTCH-signaling  pathway,  whose  activity  is  important  for  hepa- 
tocyte-to-ductal  dedifferentiation  and  clonal  outgrowth. 

DISCUSSION 

The  fate  relationship  among  hepatocytes,  ductal  cholangio- 
cytes,  and  putative  liver  progenitors  is  a  matter  of  debate  (Green- 
baum,  2011;  Michalopoulos,  2012).  Whereas  lineage  tracing 
data  support  the  idea  of  a  ductal  progenitor-like  cells  giving 
rise  to  hepatocytes  (Furuyama  et  al.,  2010;  Huch  et  al.,  2013), 
there  is  also  evidence  that  hepatocytes  might  give  rise  to  cells 
of  the  ductal  lineage.  For  instance,  periportal  hepatocytes  in  pa¬ 
tients  with  cholestatic  or  biliary  autoimmune  disorders  can 
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express  biliary-specific  markers  (Gouw  et  al.,  2011).  Additionally, 
hepatocyte  transplantation  in  the  rat  supports  the  possibility  of 
hepatocyte  “transdifferentiation”  into  ductal  cells  (Michalopou- 
los  et  al.,  2005).  More  recently,  lineage-tracing  experiments 
using  AAV-Cre  have  demonstrated  the  capacity  of  adult  hepato- 
cytes  to  give  rise  to  cells  with  morphological  and  molecular  fea¬ 
tures  of  biliary  epithelial  cells  during  injury  (Yanger  et  al.,  2013). 
However,  Malato  et  al.  (2011)  failed  to  observe  hepatocyte- 
derived  contribution  in  a  similar  animal  model.  Other  findings 
have  shown  that  dual  NOTCH  and  AKT  signaling  in  hepatocytes 
can  lead  to  their  conversion  into  biliary  cells  that  eventually  prog¬ 
ress  into  cholangiocarcinomas,  a  malignancy  typically  associ¬ 
ated  with  a  ductal  origin  (Fan  et  al.,  2012;  Komuta  et  al.,  2012). 
Our  work  here  provides  definitive  evidence  that  adult  hepato¬ 
cytes  have  the  potential  to  not  only  give  rise  to  cells  with  ductal 
characteristics  but  also  cells  that  molecularly  and  functionally 
resemble  liver  progenitors  or  “oval”  cells.  The  observation  that 
a  large  proportion  of  hepatocytes  (~75%)  undergo  dedifferenti¬ 
ation  suggests  that  most  hepatocytes  intrinsically  harbor  this 
developmental  capacity.  Thus,  our  studies  raise  the  possibility 
that  hepatocytes  are  inherently  plastic  and  might  participate  in 
liver  repair  not  only  by  self-duplication  but  also  by  dedifferentia¬ 
tion  into  progenitor  cells. 

Our  work  reveals  a  unique  role  for  HippoA'AP  signaling  in  liver 
biology.  The  observed  differential  transcriptional  output  of  YAP 
between  hepatocytes  and  progenitor  cells  suggests  that 
different  YAP  levels/activity  could  determine  different  hepatic 
cell  fates.  Perhaps  intermediate  YAP  levels  would  then  specify 
a  differentiated  ductal  cell  or  cholangiocyte  fate.  This  idea  is  sup¬ 
ported  by  the  finding  of  cholangiocyte  hypoplasia  in  mice  with  a 
developmental  deletion  of  YAP  in  the  liver  (Zhang  et  al.,  201 0).  In 
this  regard,  it  will  be  interesting  to  determine  the  mechanisms 
that  allow  for  robust  YAP  activation  in  a  small  subset  of  biliary 
cells.  Our  data  also  show  that  NF2  is  an  important  endogenous 
regulator  of  YAP  in  hepatocytes.  Previous  work  using  a  develop¬ 
mental  deletion  of  Nf2  in  all  liver  cells  demonstrated  the 
outgrowth  of  ductular  cells  and  eventual  development  of  cholan- 
giocarcinoma  (Benhamouche  et  al.,  2010;  Zhang  et  al.,  2010). 
These  findings  were  interpreted  as  oval-cell  expansion  and 
transformation  driven  by  loss  of  Hippo  signaling.  Our  findings, 
alternatively,  suggest  that  hepatocytes  are  the  source  of  this 
ductular  outgrowth.  Combined  with  recent  findings  (Fan  et  al.. 


2012;  Sekiya  and  Suzuki,  2012;  Zender  et  al.,  2013),  our  work 
argues  in  favor  of  a  paradigm  in  which  hepatocytes  might  be 
the  cell-of-origin  not  only  for  cholangiocarcinoma  but  also  for 
mixed-phenotype  liver  cancer,  typically  thought  to  arise  from 
oval  cells. 

Little  is  known  about  the  identity  of  functional  targets  that  act 
downstream  of  YAP.  NOTCH  signaling  has  been  shown  to  be 
important  for  ductal  specification  during  development  (Hofmann 
et  al.,  2010;  Zong  et  al.,  2009)  and  is  also  transiently  activated 
during  liver  regeneration  (Kohler  et  al.,  2004).  Our  data  demon¬ 
strate  that  YAPATEAD  can  directly  control  the  expression  of  the 
NOTCH2  receptor,  likely  regulating  signaling.  YAP/TEAD  also 
regulate  Sox9  expression,  itself  a  NOTCH  target,  suggesting 
that  YAP  simply  does  not  act  upstream  of  NOTCH  but  that  mul¬ 
tiple  layers  of  signaling  crosstalk  exist  during  progenitor/ductal 
specification.  Our  clonal  epistatic  analysis  using  Rbpy-deficient 
mice  provides  evidence  indicating  that  NOTCH  signaling  is 
important  downstream  of  YAP  for  the  outgrowth  of  YAP-driven 
clones.  NOTCH  is  also  important,  though  not  essential,  for 
some  aspects  of  the  fate-switching  phenotype,  such  as  upregu- 
lation  of  cytokeratins  and  mesenchymal  recruitment.  NOTCH  is 
not  required  for  the  upregulation  of  other  ductal/progenitor 
markers,  such  as  SOX9  and  osteopontin  (data  not  shown),  sug¬ 
gesting  participation  of  other  molecules  downstream  of  YAP.  It 
has  also  been  suggested  that  JAG1  can  be  a  target  of  YAP  in 
hepatocellular  carcinoma  (Tschaharganeh  et  al.,  201 3).  Although 
other  mechanisms  downstream  of  YAP  are  likely  at  play,  our  ex¬ 
periments  suggest  that  YAP-driven  tumors  might  benefit  from 
treatment  with  NOTCH  inhibitors. 

Our  results  demonstrate  that  tissue-specific  progenitor  cells 
can  be  obtained  from  genetic  manipulation  of  a  mature  cell 
type  in  vivo.  The  extremely  high  efficiency  and  the  rapid  kinetics 
of  the  dedifferentiation  process  suggest  that  this  manipulation 
might  be  used  as  a  therapeutic  strategy  for  inducing  liver  repair. 
Transient  inhibition  of  the  Hippo  kinases  could  be  pursued  to  do 
this.  Because  hepatocytes  are  relatively  abundant,  it  is  also 
conceivable  that  these  cells  could  be  used  for  the  generation 
of  progenitors  cells  ex  vivo.  Additionally,  YAP  activation  confers 
increased  proliferative  capacity  and  allows  for  monolayer  growth 
of  progenitors  initially  grown  in  organoid-like  cultures,  facilitating 
their  maintenance,  expandability  in  culture,  and  potential  clinical 
application.  Together,  our  work  lays  the  groundwork  for  the 


Figure  5.  YAP-Reprogrammed  Progenitors  Are  Clonogenic  and  Produce  Hepatocyte  Progeny 

(A)  Schematic  representation  of  iiver  organoid  generation  from  YAP  Tg  mice  and  expansion  procedure. 

(B)  Anaiysis  of  the  number  of  organoids  derived  from  iivers  from  AAV-Cre-infected  Dox-uninduced  (Ui)  and  3-week-induced  YAP  Tg  mice.  YAP  Tg  resuits  in 
dramatic  increase  of  the  iiver  organoid  generation,  both  in  the  presence  (ON)  and  in  the  absence  (OFF)  of  Dox  in  cuiture.  Bottom  shows  representative  immu- 
nofluorescent  (iF)  images  of  organoids  in  each  category.  Bars  represent  vaiue  of  n  =  3. 

(C)  IF  of  wild-type  (WT),  ON  Dox  YAP  Tg,  and  OFF  Dox  YAP  Tg  organoids  for  biliary  (SOX9,  CK19,  HNF1  p)  and  hepatocyte  (HNF4a)  markers. 

(D)  Hierarchical  clustering  analysis  of  primary  hepatocytes,  WT,  and  hepatocyte-derived  YAP  Tg  organoids  demonstrates  close  clustering  of  all  organoid  groups. 

(E)  Differential  expression  analysis  of  hepatocytes  compared  to  distinct  organoid  populations.  Heatmap  demonstrates  all  differentially  expressed  genes 
with  >2.5  fold  change. 

(F)  Experimental  design  for  the  isolation,  expansion,  and  characterization  of  single-cell  hepatocyte-derived  organoids. 

(G)  Representative  image  of  organoid  derived  from  single-sorted  EYFP+  YAP  Tg  cell,  followed  by  monolayer  expansion. 

(H)  Differentiation  of  hepatocyte-derived  organoid  clone  in  the  presence  of  y-secretase  inhibitor  and  in  the  absence  of  Dox.  Day  15  differentiated  cells 
demonstrate  downregulation  of  biliary  (CK19,  SOX9,  HNFip)  and  increase  of  hepatocyte  markers  (ALB,  HNF4a). 

(I)  Representative  liver  images  5  months  after  transplantation  of  differentiated  clonal  YAP-Tg  cells  into  Fah~'~  mice.  Engrafted  cells  are  positive  for  EYFP  (5x),  FAH 
(5x),  and  HNF4a  (hepatocyte  marker)  and  negative  for  CK19  (biliary  marker). 

See  also  Figure  S4. 
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Figure  6.  YAP  and  TEAD  Regulate  Notch2  Transcription 

(A)  Quantitative  reai-time  PGR  anaiysis  of  NOTCH  pathway  genes  from  EYFP+-sorted  uninduced  and  1  week  Dox  YAP  Tg  iiver  ceiis  post-AAV-Cre  infection,  n  =  3, 
mean  ±  SEM. 

(B)  immunofluorescent  anaiysis  for  HES1  in  an  uninduced  (Cti)  and  a  2  week  YAP  Tg  mouse.  Dotted  iine  outiines  portai  vein. 

(C)  ChIP-Seq  binding  profiies  (reads  per  miiiion  per  base  pair)  for  TEAD4  at  the  Notch2  and  Sox9  ioci  in  trophobiast  stem  ceiis.  Graph  on  the  right  shows  ChiP- 
PCR  assays  for  the  indicated  vaiidation  sites  (red  boxes)  performed  in  iiver  ceiis  isoiated  from  YAP  Tg  mice  2  weeks  post-Dox.  Graph  on  the  right  shows  a 
representative  ChIP-PCR  assay  for  the  indicated  vaiidation  sites  (red  boxes)  performed  in  iiver  ceiis  isoiated  from  Yap  Tg  mice  2  weeks  post-Dox.  Mean  ±  SEM. 

(D)  Locaiization  and  sequence  of  TEAD  binding  sites  (boid  and  underiined)  present  in  the  NOTCH2  promoter.  Red  box  indicates  area  of  genomic  sequence  (WT 
Notch2  prom)  that  was  cioned  into  a  iuciferase  expression  construct  for  functionai  anaiyses  in  CCLP1  ceiis  (bottom).  Mutant  Notch2  promoter  construct  contains 
three  mutated  base  pairs  at  each  of  the  TEAD  binding  sites,  n  =  3,  mean  ±  SEM. 

(E)  Quantitative  reai-time  PGR  anaiysis  of  the  indicated  target  genes  in  Yap^'^^'  Taz^'^^'  iiver  organoids  given  either  Adenovirus-EGFP  or  Ad-Cre:EGFP.  mRNA 
anaiysis  of  sorted  infected  ceiis  was  done  48  hr  foiiowing  infection,  n  =  3,  mean  +  SD.  *p  <  0.05;  **p  <  0.01 ;  ***p  <  0.001 . 

See  aiso  Figure  S5. 
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manipulation  of  Hippo  pathway  signaling  for  regenerative  medi¬ 
cine  of  liver  disease.  More  broadly,  our  experiments  suggest  that 
adult-differentiated  epithelial  cells  could  be  manipulated  for  the 
generation  of  tissue-specific  progenitor  or  stem  cells. 

EXPERIMENTAL  PROCEDURES 

Full  details  are  provided  in  the  Extended  Experimental  Procedures. 

Mouse  Lines,  AAV  Virus  Administration,  Tamoxifen  Induction,  and 
YAP  Overexpression 

FRG-NOD  (Yecuris),  tetracycline-inducible  YAP  expression  (Camargo  et  al., 
2007),  Ck19-CreERT2  (Means  et  al.,  2008),  conditional  Rbpj  (Han  et  al., 
2002),  and  Nf2  (Benhamouche  et  al.,  2010)  deletion  mice  are  utilized  in  this 
study.  Ctgf-EGFP  mice  were  derived  from  GENSAT.  Male  and  female  mice 
were  used  in  this  study  (except  for  microarray  analysis)  and  did  not  show 
sex-bias  differences.  AAV-TBG  ore  (University  of  Pennsylvania  Vector  Core, 
AV-8-PV1091)  was  given  to  4-  to  8-week-old  mice  retro-orbitally.  After 
3  days,  mice  were  administered  doxycycline  (1  mg/ml)  ad  libitum  in  their 
cage  water.  For  Ck19-CreERT  mice,  4-  to  8-week-old  mice  were  given  3  mg 
of  tamoxifen  for  5  sequential  days.  Two  weeks  later,  doxycycline  was  started. 
A  minimum  of  three  mice  was  examined  per  experiment.  Conditional  Rosa26 
(3-galactosidase,  EYFP,  and  mT/mG  mice  were  obtained  from  Jackson  Labo¬ 
ratory.  All  mouse  procedures  and  protocols  were  approved  by  an  AAALAC-ac- 
credited  facility. 

Liver  Organoid  Growth  Medium 

Cultures  were  performed  as  described  with  slight  modifications  (Much  et  al., 
2013).  Liver  organoid  medium  consists  of  Dulbecco’s  modified  Eagle’s 
medium  /FI 2  medium  (Invitrogen),  lx  N2-supplement  (Invitrogen),  lx  B27 
without  vitamin  A-supplement  (Invitrogen),  10  mM  nicotinamide  (Sigma- 
Aldrich),  0.001  mM  dexamethasone  (Sigma-Aldrich),  10  mM  HEPES  (Invitro¬ 
gen),  and  20  i^M  Y27632  (Sigma-Aldrich).  rmEGF  (50  ng/ml;  R&D  Systems), 
rmHGF  (40  ng/ml;  Peprotech),  rmWnt3a  (100  ng/ml;  Peprotech),  and  rhRspol 
(500  ng/ml;  R&D)  were  used  as  growth  factor  supplements.  Growth  factors 
were  replaced  every  other  day,  whereas  fresh  media  was  added  every  4  days. 

Liver  Organoid  Generation 

Isolated  livers  from  newborn  or  adult  mice  were  mechanically  diced  and 
digested.  Filtered  and  pelleted  cells  were  resuspended  in  ice-cold  growth- 
factor-reduced  matrigel  (BD  Biosciences)  with  the  growth  factor  cocktail. 
Polymerization  of  cell/matrigel  mixture  was  performed  at  37°C  for  30  min, 
followed  by  the  addition  of  liver  organoid  growth  medium.  Liver  organoid 
colonies  were  observed  at  7-10  days  upon  initial  cell  plating.  To  generate  or¬ 
ganoids  from  YAP  Tg  mice,  YAP  was  induced  for  3  weeks  in  the  TetOYAP  line, 
and  organoids  were  generated  in  ±  Dox  conditions. 

Luciferase  Assay 

The  indicated  portion  of  the  Notch2  promoter  construct  cloned  into  the  pGL3- 
Basic  vector  (Promega).  At  the  two  TEA  binding  sites  identified  within  the 
Notch2  promoter,  three  point  mutations  were  generated  at  each  site,  and 
this  fragment  was  also  cloned  into  the  same  vector.  CCLP1  cells  were  cotrans¬ 
fected  with  a  Renilla  plasmid  and  the  constructs  of  interest.  Cells  were 
harvested  72  hr  later  using  the  Dual-Glo  Luciferase  Assay  System  (Promega) 
and  assayed  in  accordance  with  the  manufacturer’s  directions. 
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A  genetic  screen  identifies  an  LKBl-MARK  signalling 
axis  controlling  the  Hippo-YAP  pathway 


Morvarid  Mohseni^’^’^,  Jianlong  Sun^’^’^,  Allison  Lau^’^,  Stephen  Curtis^’^’^,  Jeffrey  Goldsmith^,  Victor  L.  Fox^, 
Chongjuan  Wei^,  Marsha  Frazier^,  Owen  Samson^,  Kwok-Kin  Wong^’^®,  Carla  Kim^’^’^ 
and  Fernando  D.  Camargo^’^’^’^^ 


The  Hippo-YAP  pathway  is  an  emerging  signalling  cascade  involved  in  the  regulation  of  stem  cell  activity  and  organ  size.  To 
identify  components  of  this  pathway,  we  performed  an  RNAi-based  kinome  screen  in  human  cells.  Our  screen  identified  several 
kinases  not  previously  associated  with  Hippo  signalling  that  control  multiple  cellular  processes.  One  of  the  hits,  LKBl,  is  a 
common  tumour  suppressor  whose  mechanism  of  action  is  only  partially  understood.  We  demonstrate  that  LKBl  acts  through  its 
substrates  of  the  microtubule  affinity-regulating  kinase  family  to  regulate  the  localization  of  the  polarity  determinant  Scribble  and 
the  activity  of  the  core  Hippo  kinases.  Our  data  also  indicate  that  YAP  is  functionally  important  for  the  tumour  suppressive  effects 
of  LKBl.  Our  results  identify  a  signalling  axis  that  links  YAP  activation  with  LKBl  mutations,  and  have  implications  for  the 
treatment  of  LK^i-mutant  human  malignancies.  In  addition,  our  findings  provide  insight  into  upstream  signals  of  the  Hippo-YAP 
signalling  cascade. 


Our  understanding  of  human  disease  has  benefited  greatly  from  the 
study  of  developmental  pathways  in  model  organisms.  Characterization 
of  signalling  cascades  such  as  Wnt,  Hedgehog  and  Notch  has 
particularly  contributed  to  the  understanding  and  treatment  of  cancer^ . 
A  more  recently  discovered  signalling  cascade  is  the  Hippo  pathway, 
originally  described  in  Drosophila,  and  proposed  to  be  a  means  by 
which  organ  size  can  be  regulated.  This  pathway  is  highly  conserved 
in  mammals,  where  the  mammalian  hpo  orthologues,  MSTl/2, 
phosphorylate  the  large  tumour  suppressor  (LATSl/2)  kinases,  which 
in  turn  phosphorylate  the  transcriptional  co-activator  YAP,  restricting 
its  activity  and  stability^“^.  In  the  absence  of  phosphorylation,  YAP 
translocates  to  the  nucleus  where  it  binds  to  the  TEA- domain 
transcription  factors^’^  (TEADl-4). 

Activation  of  YAP,  or  loss  of  upstream  negative  regulators  leads  to 
striking  overgrowth  and  tumour  phenotypes  in  epithelial  tissues,  in 
many  cases  driven  by  the  expansion  of  tissue-resident  stem  cells^’^.  In 
addition,  studies  of  human  samples  have  demonstrated  widespread 
Hippo  pathway  inactivation  and  nuclear  YAP  localization  in  multiple 


epithelial  malignancies^"^.  However,  genomic  analyses  of  common 
epithelial  cancers  have  not  revealed  a  significant  rate  of  mutations  in 
the  known  components  of  the  pathway^®.  Recent  data  also  suggest 
the  presence  of  alternative  kinases  that  might  be  responsible  for  YAP 
regulation^’ Thus,  common  alterations  of  Hippo  signalling  in  human 
cancer  might  be  caused  by  mutations  in  genes  not  associated  with 
the  pathway  at  present. 

Here,  we  have  performed  a  genetic  screen  to  identify  kinases  that 
impinge  on  the  Hippo  pathway.  Our  work  uncovers  kinases  associated 
with  multiple  aspects  of  cellular  function  that  are  robust  regulators  of 
YAP  localization  and  activity.  These  data  provide  important  insight 
about  the  nature  of  inputs  that  speak  to  Hippo  kinases.  In  addition, 
we  identify  the  tumour  suppressor  LKBl  and  its  substrates  of  the 
microtubule  affinity-regulating  kinase  (MARK)  family  as  crucial 
regulators  of  the  Hippo  pathway.  We  present  functional  evidence 
suggesting  that  YAP  is  a  critical  component  of  the  LKBl  tumour 
suppressive  pathway.  Our  data  have  significant  implications  for  the 
treatment  of  -mutant  cancers. 


^Stem  Cell  Program,  Boston  Children’s  Hospital,  Boston,  Massachusetts  02115,  USA.  ^Department  of  Stem  Cell  and  Regenerative  Biology,  Harvard  University, 
Cambridge,  Massachusetts  02138,  USA.  ^Harvard  Stem  Cell  Institute,  Cambridge,  Massachusetts  02138,  USA.  ^Department  of  Genetics,  Harvard  Medical  School, 
Boston,  Massachusetts  02115,  USA.  ^Center  for  Pediatric  Polyposis,  Boston  Children’s  Hospital,  Boston,  Massachusetts  02115,  USA.  ^Division  of  Gastroenterology 
and  Nutrition,  Boston  Children’s  Hospital,  Boston,  Massachusetts  02115,  USA.  ^Department  of  Epidemiology,  The  University  of  Texas  MD  Anderson  Cancer  Center, 
Houston,  Texas  77030,  USA.  ^Wnt  Signaling  and  Colorectal  Cancer  Group,  The  Beatson  Institute  for  Cancer  Research,  Cancer  Research  UK,  Glasgow  G61  IBD,  UK. 
^Genetics  Division,  Department  of  Medicine  Brigham  and  Women’s  Hospital,  Harvard  Medical  School,  Boston,  Massachusetts  02115,  USA.  ^°Ludwig  Center  at 
Dana-Farber/Harvard  Cancer  Center,  Boston,  Massachusetts  02115,  USA. 

^^Correspondence  should  be  addressed  to  F.D.C.  (e-mail:  Fernando.camargo@childrens.harvard.edu) 

Received  13  May  2013;  accepted  28  October  2013;  published  online  22  December  2013;  corrected  online  7  January  2014;  DOI:  10.1038/ncb2884 


108 


NATURE  CELL  BIOLOGY  VOLUME  16  |  NUMBER  1  |  JANUARY  2014 

©  2014  Macmillan  Publishers  Limited.  All  rights  reserved. 


ARTICLES 


Figure  1  A  kinome  RNAi  screen  identifies  regulators  of  Hippo-YAP 
signalling,  (a)  Graphical  representation  of  YAP-mediated  STBS  reporter 
activation  in  cells,  (b)  Validation  of  STBS  reporter  sensitivity  using  siRNA 
knockdown  of  known  components  of  Hippo  signalling.  CTR,  scrambled 
siRNA.  n  =  5  independent  experiments,  (c)  Schematic  of  RNAi  screening 
strategy.  The  RNAi  screen  was  performed  in  96-well  plates  using  a  stably 
expressing  HEK293T  STBS-mCherry  reporter  cell  line.  Activation  of  the 
STBS-mCherry  reporter  was  visualized  4  days  following  siRNA  transfection. 
Fluorescence  intensity  was  captured  by  flow  cytometry.  Statistical  analysis 
was  performed  to  identify  genes  for  secondary  screening  and  final  selection 
of  hits,  (d)  Mean  Z-score  and  mCherry  reporter  fold  change  (versus 
scrambled  controls)  values  for  each  triplicate  siRNA  oligonucleotide  were 
plotted  to  identify  hits  with  statistical  thresholds  of  Z-score  >2  and  fold 
change  greater  than  4.  Highlighted  rectangle  represents  hits  satisfying 
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these  thresholds.  Green  filled  circles  represent  siRNA  knockdown  of  LATS2 
as  a  positive  control,  (e)  A  secondary  siRNA  screen  identifies  kinases 
that  reproducibly  raise  STBS-mCherry  reporter  activity,  performed  using 
an  alternative  siRNA  oligonucleotide  source  using  two  reporter  systems. 
The  secondary  screen  was  repeated  three  times  using  pooled  siRNAs. 
(f)  YAP  immunolocalization  in  HaCaT  cells  following  siRNA  knockdown 
of  kinases  that  regulate  STBS  reporter  activity.  Representative  images 
are  shown;  experiment  repeated  independently  three  times.  Scale  bars, 
200  ^im.  (g)  Immunoblot  for  Ser  127  YAP  phosphorylation  following  siRNA 
knockdown  of  kinases  from  secondary  screen.  CTR  represents  scrambled 
siRNA  and  NF2  siRNA  is  used  as  a  positive  control.  Representative  blots 
shown;  experiment  repeated  three  times.  Also  see  uncropped  figure  scan 
in  Supplementary  figures.  Error  bars  represent  ±s.d.  from  n  =  3  biological 
replicates. 


RESULTS 

A  genetic  screen  identifies  multiple  Hippo-regulating  kinases 

To  identify  potential  kinases  that  can  repress  YAP/TEAD  activity, 
we  developed  an  improved  transcriptional  reporter  containing  14 
copies  of  the  known  TEAD  DNA-binding  sequence  (SuperTBS 
reporter;  Fig.  la)^k  Functional  assays  revealed  that  this  reporter 


faithfully  recapitulated  YAP/TEAD  transcriptional  activity,  and  was 
highly  responsive  to  perturbations  of  endogenous  upstream  Hippo 
components  such  as  LATS2  and  the  cytoskeleton-associated  protein 
NF2  (refs  12,13  and  Fig.  lb).  Armed  with  a  robust  reporter  for 
Hippo-YAP  activity,  we  interrogated  the  effects  of  a  human  kinome 
short  interfering  RNA  (siRNA)  library  containing  2,130  unique 
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Figure  2  LKBl  regulates  YAP  activity  through  the  Hippo  kinases,  (a)  LKBl 
knockdown  induces  YAP-dependent  expression  of  target  genes  Amotl2  and 
Cyr61  (error  bars  represent  meanis.d.  from  n  =  3  biological  replicates), 
(b)  STBS-luciferase  reporter  (error  bars  represent  meanis.d.  from  n  =  6 
biological  replicates),  (c)  Immunofluorescence  for  F-actin  (red),  YAP 
(green)  and  nuclei  (blue)  in  LS174T  (W4)  cells.  Dox-inducible  LKBl 
activation  after  24 h  results  in  LKBl-dependent  cell  polarization  and 
YAP  nuclear  to  cytoplasmic  translocation.  Representative  images  shown; 
experiment  repeated  six  times.  Scale  bars,  20  ^im.  (d)  Quantification  of  cell 
polarization  and  YAP  subcellular  localization  following  Dox  administration. 
Data  are  derived  from  three  independent  experiments  where  at  least  300 
cells  were  scored.  Error  bars  represent  meanis.d.,  n  =  3.  (e)  MSTI 
activity  in  W4  cells  is  induced  on  LKBl  activation  (-i-Dox).  Note  increased 
MSTl/2  phosphorylation  in  the  full-length  and  cleaved  forms  of  MSTI 
and  increase  in  levels  of  cleaved  active  MSTI  peptide.  Representative 
blots  are  shown;  experiment  repeated  three  times.  Also  see  uncropped 
figure  scan  in  Supplementary  figures,  (f)  Activity  of  LATSl/2  is  increased 
on  LKBl  activation  as  measured  by  phosphorylation  at  Thr  1079 
LATSl/2.  Representative  blots  are  shown;  experiment  repeated  three  times, 
(g)  ATSl/2  phosphorylation  at  Thr  1079  is  abolished  on  siRNA  knockdown 
of  LKBl  in  MCF7  cells,  (h)  Ad-Cre-infected  livers  from  Lkbl  wild-type 
and  Lkbl^''^  mice  exhibit  an  increase  in  liver  size;  error  bars  represent 


mean  ±  s.d.  from  n  =  6  mice  per  group.  Scale  bar,  1  cm.  (i)  L/cbi-deficient 
murine  livers  exhibit  an  increase  in  cellular  hepatocyte  proliferation 
compared  with  Lkbl  wild-type  livers,  n  =  6  mice  per  group,  20  fields 
of  view  (FOV)  counted  for  each  sample  in  a  group.  Error  bars  represent 
mean  ±  s.d.  (j)  Western  blot  analysis  performed  on  liver  lysates  derived  from 
Ad-Cre-infected  Lkbl  or  Lkbf''^  mice  3  months  post  infection  leads 
to  an  overall  decrease  in  cleaved  activated  Msti  and  Thr  183/Thr  180 
Mstl/2  phosphorylation  and  quantitative  PCR  of  Yap  target  genes.  See 
uncropped  figure  scan  in  Supplementary  figures.  Both  lines  of  mice  also 
carried  a  p53  homozygous  floxed  allele,  (k)  Lkbl  loss  in  vivo  also  leads  to 
an  increase  in  YAP  target  expression.  Data  represent  meanis.e.m.,  n  =  6 
mice  treated  with  Ad-Cre.  Experiment  was  repeated  in  two  additional  mice 
with  similar  results.  (I)  Overexpression  of  LATSl,  LATS2  and  MOBl  (MLL) 
in  L/CBi-knockdown  HEK293T  cells  can  restore  STBS  reporter  activity. 
n  =  3  independent  experiments,  (m)  Knockdown  of  MSTl/2  and  LATSl/2 
in  Dox-treated  W4  cells  suppresses  LKBl-driven  cytoplasmic  translocation 
of  YAP  (green)  when  compared  with  the  scrambled  negative  control 
(CTR  siRNA).  Scale  bars,  20  ^im.  (n)  Endogenous  co-immunoprecipitation 
experiments  using  HEK293T  cells  demonstrate  physical  association  of 
LKBl  with  LATSl  and  MSTI.  Immunoblots  represent  one  of  three 
experiments  performed.  Also  see  uncropped  figure  scan  in  Supplementary 
figures.  **P<0.01,  two-tailed  t-test. 
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Figure  3  MARKs  act  downstream  of  LKBl  to  regulate  Hippo-YAP. 

(a)  Small-scale  RNAi  screen  on  downstream  substrates  of  LKBl  in 
HEK293T  STBS-Luc  cells.  Error  bars  represent ± standard  deviation 
(s.d.)  from  n  =  3  independent  experiments,  (b)  Knockdown  of  MARKs 
(MARKl,  3  and  4)  in  MCF7  and  DLDl  cells  activates  STBS-Luc. 
n  =  3  individual  experiments  per  group ± s.d.  (c,d)  Nuclear  YAP 
accumulation  (c)  and  decreases  in  LATS  and  YAP  phosphorylation 
following  knockdown  of  MARKs  (d).  (e)  Repression  of  MARK-dependent 
STBS-Luc  activity  by  overexpression  of  MOB1/LATS1/LATS2  (MLL).  n  =  3 


biological  replicates ± s.d.  (f)  Suppression  of  LKBl-driven  cytoplasmic 
translocation  of  YAP  following  MARK4  knockdown  in  Dox-treated  W4  cells. 
Representative  immunofluorescence  images  from  three  independent 
experiments.  Right  panel,  quantification  of  the  number  of  polarized 
cells  in  Dox-treated  cells.  P  values  calculated  by  comparing  wild-type 
Dox-treated  cells  with  those  treated  with  MARK  siRNA.  Data  are  derived 
from  four  independent  experiments  where  at  least  300  cells  were  scored. 
Error  bars  represent  mean  ± s.d.  from  n  =  A,  **,p<  10.01,  two-tailed 
^-test.  Scale  bars,  20  ^im. 


siRNA  oligonucleotides  for  710  kinase  genes  in  a  HEK293T  cell  line 
stably  carrying  the  reporter  (Fig.  Ic).  Initial  hits  were  identified  by 
a  statistical  Z-score  cutoff  of  2  in  addition  to  a  >4-fold  change 
of  mean  fluorescence  intensity  compared  with  scrambled  siRNA 
controls  (Fig.  Id).  Our  high- stringency  statistical  analysis  revealed 
21  kinases  whose  silencing  resulted  in  enhanced  STBS  reporter 
activity  (Fig.  Id  and  Supplementary  Table  1).  Through  a  secondary 
screen  using  a  different  commercial  source  of  siRNAs  to  control 
for  off- target  effects,  we  confirmed  that  knockdown  of  16  of  these 
kinases  robustly  induced  STBS  reporter  activity  (Fig.  le).  Foss  of 
13  of  these  kinases  also  led  to  YAP  nuclear  accumulation  even  in 
high-density  conditions  where  Hippo  signalling  is  typically  activated 
(Fig.  If  and  Supplementary  Fig.  la).  To  further  characterize  these  hits, 
we  evaluated  their  effects  on  YAP  phosphorylation  at  Ser  127,  as  this 
is  a  highly  conserved  direct- substrate  site  for  FATS  1/2  and  is  one 
of  the  best  characterized  biochemical  markers  for  Hippo-mediated 
YAP  inactivation^^.  Silencing  of  8  of  the  16  kinases  resulted  in 
decreases  in  YAP^^^^  phosphorylation  (Fig.  Ig  and  Supplementary 
Fig.  lb),  indicating  that  some  of  these  molecules  regulate  YAP  activity 
independently  of  Hippo. 


Interestingly,  four  of  the  validated  kinase  hits  (MAP2K7,  MAP3K9, 
MAP4K4,  MAP4K5)  are  part  of  an  activating  network  of  the  c-Jun 
amino -terminal  kinase  (JNK)  branch  of  the  mitogen-activated  kinase 
(MAP)  pathway,  a  stress- activated  cascade  implicated  in  compensatory 
growth  and  tumorigenesis^^.  Silencing  of  these  kinases  does  not  lead  to 
a  reduction  in  YAP  Ser  127  phosphorylation,  indicating  an  alternative 
mode  of  YAP  regulation  (Supplementary  Fig.  lb).  A  targeted  analysis 
using  RNA- interference  (RNAi)  and  small-molecule  manipulation 
confirmed  that  only  the  JNK  arm  of  the  MAP  kinase  pathway  controlled 
YAP/TFAD  reporter  activity  (Supplementary  Fig.  lc,d).  Although  the 
role  of  JNK  signalling  in  cancer  is  complex,  our  data  support  emerging 
findings  suggesting  that  JNK  activators  are  tumour  suppressors,  and 
implicate  Hippo-YAP  signalling  as  a  downstream  mechanism^^’^^. 
The  ephrin  receptor  EPHA7  (Fig.  Id-g),  implicated  in  providing 
cell-positioning  cues  during  development  and  mutated  in  lung  cancer 
and  lymphomas^^’^^,  also  regulates  YAP  activity.  Intriguingly,  other 
ephrin-type  A  receptors  (FPHA4,  FPHA5  and  FPHA8;  Supplementary 
Table  2)  are  also  found  to  enhance  STBS  activity,  indicating  an 
important  crosstalk  between  ephrin  signalling  and  Hippo.  We  also 
identify  MAGIl  (Fig.  le-g  and  Supplementary  Table  1),  a  growth 


NATURE  CELL  BIOLOGY  VOLUME  16  |  NUMBER  1  |  JANUARY  2014 

©  2014  Macmillan  Publishers  Limited.  All  rights  reserved. 


Ill 


ARTICLES 


a 


SCRIB/F-actin/DAPI 


b 


CTR  MARKs\Rm 


c 


pYAPS127 

YAP 

GAPDH 


d 


o 

Q 

+ 


DC 
I — 
O 


YAP  Overlay 


SCRIB  [ 


H  (K) 
^260 
1 160 


LKB1[^^80 

^50 
-1-260 
*^1 


MST1  L 
LATS1  Q 


160 

MARK1  ^^H-80 
GAPDH  30 


H  (K) 


SCRIB 

LKB1  BjKio 
MST1 1^  mi  50 

uvTsi^H:^i8 

MARK1  I 


LIJ 


GAPDH 


-80 

-30 


f 


DO 

DC 

O 

CO 

CL 


< 

z 

DC 

'w 


< 

Z 

DC 

■(/) 


LATS1 I 
MST1 


SCRIB 


H(K) 

^260 
^  160 
>60 
^50  c 
260  “ 
160 


LATS1 

MST1 

MARK1 


SCRIB 

(normalized) 


H  (K) 
260 
160 
60 
50 
110 
80 
260 
160 


Figure  4  Scribble  acts  downstream  of  LKBl  to  regulate  Hippo-YAP. 
(a)  Confocal  immunofluorescent  and  Z-stack  analysis  for  Scribble 
(SCRIB,  green),  F-actin  (red)  and  nuclei  (blue)  in  LKBl  and  MARK 
knockdown  in  MCF7  cells.  Note  mislocalization  of  SCRIB  following 
LKBl  or  MARK  silencing.  Representative  images  from  4  independent 
experiments,  (b)  Immunofluorescence  in  W4  cells  demonstrates  that 
LKBl  activation  leads  to  SCRIB  re-localization  to  the  cell  membrane 
and  actin  cap  and  that  this  requires  MARKs  activity,  (c)  Knockdown 
of  SCRIB  in  HEK293T  cells  reduces  Ser  127  YAP  phosphorylation. 


(d)  Knockdown  of  SCRIB  in  Dox-induced  LKBl-activated  W4  cells 
suppressed  YAP  re-localization  to  the  cytoplasm  and  actin  cap. 

(e)  Endogenous  co-immunoprecipitation  of  MARKl  demonstrates 
potential  interactions  with  LKBl,  SCRIB,  MSTl  and  LATSl.  (f)  The 
physical  interaction  between  SCRIB  and  MST  is  reduced  in  the 
absence  of  MARKl.  Adjusted  lysate  amounts  were  used  to  obtain 
equal  levels  of  immunoprecipitated  SCRIB.  See  uncropped  figure  scan 
in  Supplementary  Figures.  Representative  blots  from  at  least  3  repeated 
experiments.  Scale  bars,  20  ^im. 


suppressive  kinase  also  mutated  in  multiple  human  cancers GAK, 
a  protein  involved  in  clathrin- mediated  endocytosis  is  also  a  hit^\  as 
are  the  microtubule  regulating  kinases  NEK4  and  TESKl  (ref.  22). 
Among  the  other  regulators,  a  recently  described  Hippo-regulating 
kinase,  TAOKl,  was  also  identified  (Fig.  1  and  Supplementary  Fig.  la,b 
and  Table  1  and  ref  23). 

LKBl  regulates  YAP  through  MST/LATS 

We  were  particularly  interested  by  the  fact  that  YAP  phosphorylation 
was  significantly  repressed  by  STK 11  knockdown  (Fig.  le-g).  STKll, 
also  known  as  LKBl,  is  a  well-established  human  tumour  suppressor 
that  controls,  among  other  things,  cellular  metabolism,  proliferation 
and  polarity^^.  The  effect  of  LKBl  knockdown  on  YAP  phosphorylation 
and  localization  was  reproduced  with  multiple  oligonucleotides  and 
cell  lines  (Supplementary  Fig.  2a-d).  LKBl  knockdown  also  resulted 
in  the  upregulation  of  known  YAP  target  genes,  such  as  Amotl2  and 
Cyr61  (ref  6  and  Fig.  2a).  This  transcriptional  response  was  entirely 
YAP-dependent,  as  endogenous  target  gene  and  reporter  responses 
were  suppressed  in  YAP/LKBl  double-knockdown  cells  (Fig.  2a,b  and 
Supplementary  Fig.  2e).  To  further  demonstrate  a  regulatory  role  of 
LKBl  upstream  of  YAP  we  used  an  engineered  intestinal  epithelial 
cell  line  (W4)  in  which  LKBl  activity  could  be  induced  following 
treatment  with  doxycycline^^  (Dox).  Dox-dependent  LKBl -activity 
is  evidenced  by  polarization  and  actin  cytoskeleton  rearrangements 
(Fig.  2c,d).  Whereas  YAP  is  predominantly  nuclear  at  low  cell  densities, 
stimulation  of  LKBl  activity  induced  a  striking  and  significant  shift  of 


YAP  localization  into  the  cytoplasm  and  actin  cap  of  polarized  cells 
(Fig.  2c,d).  Consistent  with  this,  we  observed  a  significant  reduction  of 
YAP/TEAD  transcriptional  activity  in  Dox- treated  cells  (Supplementary 
Fig.  2f).  Our  results  are  consistent  with  a  recent  report  indicating  YAP 
activation  in  LKBl -mutant  cell  lines^^. 

We  next  determined  whether  LKBl  acts  through  the  canonical  Hippo 
kinases  to  regulate  YAP.  We  observed  increased  MSTl  activity,  as 
measured  by  phosphorylation  and  the  presence  of  a  cleaved  MSTl 
catalytic  fragment  following  LKBl  activation  in  W4  cells  (Fig.  2e).  Sim¬ 
ilarly,  LKBl  activation  led  to  a  marked  increase  in  phosphorylation  of 
Thr  1079  in  LATSl/2  (Fig.  2f).  This  residue  marks  LATSl/2  activation 
by  MSTl/2  and  its  co-activator  SAVl  (ref  14).  Correspondingly,  LKBl 
silencing  led  to  loss  of  LATSl/2  Thr  1079  phosphorylation  (Fig.  2g). 
To  confirm  that  LKBl  is  important  for  MSTl/2  activation,  we  used  a 
mouse  model  in  which  Lkbl  was  deleted  in  the  liver  using  Ad-Cre.  In 
agreement  with  MSTl/2  loss-of-function  phenotypes^,  Lkbl  deletion  re¬ 
sulted  in  hepatomegaly  and  increased  hepatocyte  proliferation  (Supple¬ 
mentary  Fig.  2g) .  As  predicted,  we  also  observed  a  significant  decrease 
in  the  amount  of  cleaved  and  phosphorylated  MSTl  peptide  in  Lkbl- 
deficient  livers  (Fig.  2h  and  Supplementary  Fig.  2h)  and  upregulation  of 
YAP  target  genes  (Fig.  2i).  Supporting  our  findings  that  LKBl  acts  up¬ 
stream  of  the  Hippo  kinases,  we  find  that  expression  of  LATSl/2  and  its 
co-activator  MOBl  rescues  the  increase  in  YAP/TEAD  transcriptional 
activity  following  knockdown  of  LKBl  (Fig.  2j).  Furthermore,  knock¬ 
down  of  MSTl/2  or  LATSl/2  in  Dox-treated  W4  cells  significantly 
suppresses  the  LKBl -mediated  shift  in  YAP  subcellular  localization 
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Figure  5  Yap  activity  is  enhanced  in  Lkbl-6ef\c\er\t  tumours. 

(a)  Immunohistochemistry  for  Yap  on  grade  l-ll  lung  adenocarcinomas 
derived  from  Kras-G12D  mutant  (K)  and  Kras-G12D/ Lkbf'^^'  (KL)  mice 
treated  with  intranasal  Ad-Cre.  Representative  picture  shown;  n  =  5 
for  each  genotype,  (b)  Gene  set  enrichment  analysis  demonstrates 
significant  enrichment  of  a  transcriptional  Hippo  signature  in  KL  versus 
K  murine  lung  tumours,  (c)  Immunoblot  analysis  shows  reduced  active 
phosphorylated  and  cleaved  forms  of  Mstl/2  in  individual  KL  lung  tumour 
nodules.  Similarly,  Ser  127  Yap  phosphorylation  is  reduced  {n  =  3  mice). 


(d)  Immunohistochemistry  for  Scribble  localization  in  K  and  KL  lung 
adenocarcinomas,  {n  =  5  mice),  (e)  Immunohistochemistry  for  Yap  in 
pancreas  from  control  pancreas  (WT)  or  /./cbi-deficient  tissue,  (f)  YAP 
localization  assessed  by  immunohistochemistry  in  human  intestinal 
tissue  and  PJS  intestinal  polyps.  Representative  data,  n  =  3  patients,  (g) 
Immunohistochemistry  for  YAP  localization  and  expression  in  normal  ductal 
tissue  compared  with  ductal  breast  adenocarcinoma  (BC),  and  in  normal 
human  liver  compared  with  metastatic  liver  adenocarcinoma  derived  from  a 
PJS  patient  (h).  Scale  bars,  500  ^im. 


(Fig.  2k  and  Supplementary  Fig.  2i-j).  Supporting  a  regulatory  role,  we 
find  that  endogenous  and  overexpressed  LKBl  can  strongly  interact 
with  both  LATSl  and  MSTl  in  co-immunoprecipitation  experiments 
(Fig.  21  and  Supplementary  Fig.  2k-l). 

LKBl  acts  upstream  of  MARKs  to  regulate  YAP 

To  shed  light  on  a  possible  mechanism  for  regulation,  we  performed 
in  vitro  kinase  assays  and  mass  spectrometry  analyses  to  determine 
whether  MSTl  or  LATS2  could  be  direct  targets  of  LKBl.  Our  results 
found  no  evidence  for  LKBl -mediated  phosphorylation  at  potential 
consensus  sites  in  either  MSTl  or  LATS2,  thus  suggesting  that  the 
LKBl  effect  on  these  kinases  was  indirect.  We  then  performed  a 
siRNA  mini- screen  evaluating  most  known  downstream  targets  of 
LKBl  (ref.  27),  including  AMPK  and  mTOR,  commonly  implicated  in 
growth  suppression  by  LKBl,  for  their  ability  to  regulate  the  STBS 
reporter.  This  screen  revealed  that  three  members  of  the  MARK 
family  (MARKl,  3  and  4;  hereafter  referred  to  as  MARKs)  were 
able  to  modulate  TEAD-reporter  activity  (Fig.  3a).  These  kinases  are 


also  hits  in  our  primary  kinome  screen  if  lower  hit  thresholds  are 
selected  (Supplementary  Table  2).  The  effect  of  MARK  knockdown  was 
reproduced  across  several  cell  types  and  with  multiple  oligonucleotides 
(Fig.  3b  and  Supplementary  Fig.  3a),  and  its  effect  on  TEAD-reporter 
activity  was  also  suppressed  with  concomitant  knockdown  of  YAP 
(Supplementary  Fig.  3b).  Loss  of  MARK4  also  results  in  enhanced 
YAP  nuclear  localization  (Fig.  3c),  and  a  decrease  in  LATS  and 
YAP  phosphorylation  (Fig.  3d).  Suggesting  that  MARKs  also  act 
upstream  of  the  Hippo  kinases,  overexpression  of  LATS  and  MOBl 
can  fully  suppress  the  MARK4  knockdown  effect  on  TEAD-reporter 
activity  (Fig.  3e  and  Supplementary  Fig.  3c).  To  ascertain  whether 
MARKs  were  functionally  downstream  of  LKBl,  we  knocked  down 
MARKs  in  LKBl -induced  W4  cells.  Dox  addition  to  W4  cells  leads 
to  MARKl  activation^^  (Supplementary  Fig.  3d),  and  silencing  of 
MARKs  in  this  context  resulted  in  a  significant  loss  of  cytoplasmic 
YAP  translocation  (Fig.  3f  and  Supplementary  Fig.  3e-f).  Combined, 
these  data  demonstrate  that  LKBl  is  exerting  its  effects  on  the  Hippo 
pathway  through  its  direct  substrate,  the  MARKs. 
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Figure  6  YAP  activation  can  overcome  LKBl-driven  tumour  suppression. 

(a)  Soft-agar  colony-formation  assay  using  W4  and  W4  cells  also  expressing 
a  Dox-inducible  YAP-S127A  transgene  {TetOYAP).  Shown  are  representative 
images  of  platesiDox  4  weeks  after  seeding.  Experiment  was  repeated 
three  times,  (b)  Subcutaneous  xenograft  assay  using  W4  and  \NA-TetOYAP 
cells.  Tumour  volumes  for  non-induced  and  induced  tumours  are  shown. 
Representative  tumours  from  non-induced  and  induced  W4  and  \NA-TetOYAP 

MARKS  regulate  SCRIB  localization  and  Hippo  kinase  activity 

MARKS  are  also  known  as  the  PAR-1  family  of  proteins  and  have 
been  implicated  in  the  regulation  of  cell  polarity  and  microtubule 
dynamics  through  different  mechanisms^^ .  In  Drosophila,  the  PAR- 1 
orthologue  has  been  shown  to  phosphorylate  and  regulate  localization 
of  Discs  large^^  (DLG),  a  member  of  the  basolateral  polarity  complex 
also  consisting  of  Lethal  giant  larvae  (LGL)  and  Scribble^®’^^  (SGRIB). 
Proper  localization  of  SCRIB  is  required  for  Hippo  pathway  activity 
in  both  Drosophila  and  mammalian  cells^^“^^.  Thus,  we  posited  that 
LKBl  could  be  regulating  Hippo-YAP  activity  through  regulation 
of  the  basolateral  polarity  complex  by  the  MARKs.  Indeed,  we 
find  that  MARKs  knockdown  results  in  mislocalization  of  SCRIB 
(Fig.  4a  and  Supplementary  Fig.  4a),  and  reduction  of  SCRIB  protein 
(Supplementary  Fig.  4b-c).  Demonstrating  a  direct  role  for  LKBl  and 
MARKs  in  the  localization  of  SCRIB,  Dox-mediated  activation  of  LKBl 
in  W4  cells  results  in  SCRIB  recruitment  to  the  cellular  membrane  and 
the  actin  cap  (Fig.  4b).  Knockdown  of  MARKs  in  this  context  reduces 
the  sub-cellular  localization  shift  of  SCRIB  (Fig.  4b).  As  predicted, 
SCRIB  knockdown  also  leads  to  an  increase  in  TEAD-reporter  activity 
and  a  decrease  in  YAP  phosphorylation  (Fig.  4c  and  Supplementary 
Fig.  4e).  Importantly,  knockdown  of  SCRIB  in  LKBl -activated  W4 
cells  significantly  rescues  the  shift  of  YAP  localization  to  the  cytoplasm 
and  actin  cap  (Fig.  4d  and  Supplementary  Fig.  4f-h),  indicating  that 
SCRIB  is  critical  for  LKB 1 -mediated  regulation  of  YAP.  Moreover, 
co-immunoprecipitation  experiments  demonstrate  that  endogenous 
MARKl  or  overexpressed  MARK4  can  be  detected  in  a  complex 


xenografts  are  shown  on  the  right.  n  =  7  mice  per  group  (c)  Proliferation 
assay  for  parental  or  W4  cells  expressing  either  of  two  independent  shRNAs 
against  LATS2.  Data  are  representative  of  three  independent  experiments 
performed,  (d)  Four-week  soft-agar  colony-formation  assays  of  cells  shown  in 
c.  (e)  Proliferation  assay  for  W4  cells  that  were  also  transfected  with  either 
of  two  siRNAs  targeting  SCRIB.  Data  are  representative  of  three  independent 
experiments  performed.  Scale  bars,  200  ^im. 

with  LKBl,  MSTl,  LATSl  and  SCRIB  (Fig.  4e  and  Supplementary 
Fig.  4i),  indicating  the  existence  of  a  Hippo  regulatory  protein  complex. 
It  has  been  proposed  that  association  of  SCRIB  with  MSTI/2  is 
important  for  the  activation  of  the  Hippo  cascade^^.  We  find  that  this 
association  is  highly  dependent  on  MARKs  (Fig.  4f  and  Supplementary 
Fig.  4j),  as  their  loss  impairs  the  interaction  of  both  MSTl/2  and 
LATSl/2  with  SCRIB. 

YAP  activation  is  a  hallmark  of  LKB  1-mutant  tumours 

Lkbl  germline  mutations  are  associated  with  Peutz-Jeghers  syndrome 
(PJS),  an  inherited  disorder  in  which  patients  develop  intestinal 
polyps  and  are  at  higher  risk  for  developing  multiple  malignancies^^. 
Lkbl  alterations  are  also  present  in  many  types  of  sporadic  epithelial 
cancer,  particularly  lung  and  pancreatic  carcinomas^^.  Loss  of  Lkbl 
in  mice  is  associated  with  more  aggressive  and  metastatic  potential 
of  lung  tumours^^.  To  corroborate  our  in  vitro  observations,  we 
evaluated  the  status  of  Hippo  signalling  in  lung  tumours  derived 
from  mice  carrying  an  activating  K-Ras  mutation  (K)  or  the  K- 
Ras  transgene  and  concomitant  Lkbl  deletion  (KL).  Strikingly, 
we  find  that  stage-matched  KL  adenocarcinomas  were  strongly 
positive  for  nuclear  YAP  in  contrast  to  K  tumours,  which  exhibit 
predominantly  cytoplasmic  and  diffuse  YAP  localization  (Fig.  5a).  To 
further  assess  the  extent  of  YAP  transcriptional  activity  in  Lkbl-nuW 
tumours,  we  carried  out  gene  set  enrichment  analysis  to  examine  the 
enrichment  of  a  YAP  transcriptional  signature  derived  in  our  laboratory 
(Supplementary  Fig.  5a).  Gene  set  enrichment  analysis  demonstrates 
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Figure  7  YAP  is  essential  for  the  growth  of  Lkbl-mutant  tumours  and  tissue, 
(a)  Four-week  soft-agar  assay  using  the  /./cbi -deficient  lung  adenocarcinoma 
line  A549.  These  cells  expressed  a  Dox-inducible  shRNA  against  YAP  (iYAP 
shRNA).  Scale  bar  100  ^im.  (b)  Representative  images  of  metastatic  lesions 
following  intravenous  injection  of  parental  or  iYAP  shRNA  A549  cells.  Dox 
treatment  of  hosts  was  carried  for  2  months  at  which  time  lung  tissue 
was  collected.  Scale  bars,  200 ^im.  (c,d)  Ad-Cre-mediated  deletion  of  a 
conditional  allele  of  Yapl  following  Ad-Cre  intravenous  administration  leads 

a  highly  significant  enrichment  of  this  YAP  signature  in  KL  tumours 
(Fig.  5b).  Furthermore,  biochemical  analyses  of  tumour  nodules  also 
demonstrate  decreased  MSTl/2  and  YAP  Ser  127  phosphorylation  in 
the  KL  genotype  (Fig.  5c).  Furthermore,  as  predicted  from  our  model, 
SCRIP  localization  is  markedly  altered  and  its  expression  reduced 
in  KL  tumours  (Fig.  5d).  We  also  evaluated  YAP  status  in  a  model 
of  pancreatic  neoplasia  derived  from  tissue- specific  deletion  of  Lkbl. 
Consistent  with  the  lung  tumour  data,  Lkbl -null  pancreatic  ductal 
adenocarcinomas  exhibit  robust  YAP  nuclear  localization  compared 
with  control  tissue  (Fig.  5e). 

Moreover,  we  find  that  gastrointestinal  polyps  of  human  PJS  patients 
exhibit  an  increase  in  nuclear  YAP  localization  in  both  epithelial  and 
smooth  muscle  cells  compared  with  normal  colon  or  juvenile  polyposis 
polyps  carrying  SMAD4  mutations  (Fig.  5f  and  Supplementary  Fig.  5b). 
Examination  of  a  malignant  ductal  breast  adenocarcinoma  and 
metastatic  liver  disease  that  developed  in  a  PJS  patient  further  revealed 
strong  YAP  nuclear  accumulation  in  the  tumour  (Fig.  5g,h).  Taken 
together,  these  data  show  that  genetic  deletion  of  Lkbl  in  both  murine 
and  human  tissue  leads  to  enhanced  nuclear  YAP  activity. 


to  significant  suppression  of  hepatomegaly  and  hepatocyte  hyperplasia. 
Scale  bar,  1cm.  Animals  received  Ad-Cre  at  1  month  of  age  and  tissues 
were  collected  2.5  months  later,  (e)  PCNA  immunohistochemistry  on 
Ad-Cre-treated  mouse  livers  from  wild-type,  Lkbl  and  Lkbl/Yapl  mutant 
mice.  Scale  bars,  500  ^im.  n  =  b  mice  per  genotype,  (f)  Quantification  of  the 
average  number  of  PCNA-positive  cells  per  field  of  view  from  e.  n  =  5  mice 
per  genotype,  20  fields  of  view.  Error  bars  represent  ±s.d.  from  n  =  5  mice. 
*P<0.05,  two-tailed  t-test. 

YAP  is  functionally  important  downstream  of  LKBl 

We  next  investigated  functionally  whether  YAP  acted  downstream  of 
LKBl  in  tumour  suppression.  Using  W4  cells,  we  found  that  inducible 
LKBl  activation  has  a  powerful  growth  suppressive  function  in  vitro 
(Fig.  6a  and  Supplementary  Fig.  6a),  and  in  xenografts  (Fig.  6b  and 
Supplementary  Fig.  6b).  However,  expression  of  a  YAP-S217A  mutant 
protein  is  able  to  significantly  overcome  all  of  LKBl  tumour  suppressive 
effects  (Fig.  6a,b  and  Supplementary  Fig.  6a,b).  Silencing  of  either 
LATS2  or  SCRIB  also  rescues  growth  suppression  by  LKBl  activation 
(Fig.  6d-f  and  Supplementary  Fig.  6c,d).  To  determine  whether  we 
could  reverse  the  effects  of  LKBl  loss  by  manipulating  YAP-expression 
levels,  we  developed  a  Dox-inducible  YAP  short  hairpin  RNA  (shRNA) 
A549  cell  line  (Supplementary  Fig.  7a).  A549  is  a  lung  cancer  cell 
line  mutant  for  LKBl  widely  used  in  tumour  growth  and  metastasis 
assays^^.  In  both  a  soft- agar  colony- formation  assay,  and  in  vivo 
metastatic  assays,  we  find  that  YAP  depletion  following  Dox- treatment 
reduces  the  number  and/or  size  of  colonies  and  tumours  (Fig.  7a,b 
and  Supplementary  Fig.  7a-c).  Lung  adenocarcinoma  cell  lines  that 
are  wild  type  for  LKBl  and  expressed  lower  levels  of  YAP  were 
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insensitive  to  YAP  modulation  (Supplementary  Fig.  7d-f).  Finally, 
we  used  Ad-Cre  infection  in  mice  to  demonstrate  that  conditional 
deletion  of  Yapl  suppresses  the  liver  overgrowth  phenotype  (Fig.  7c, d) 
and  hepatocyte  hyperplasia  observed  following  acute  deletion  of  Lkbl 
(Fig.  7e,f  and  Supplementary  Fig.  7g).  Together  these  data  provide 
multiple  lines  of  evidence  that  Hippo-YAP  is  a  functionally  critical 
pathway  downstream  of  LKBl. 

DISCUSSION 

One  important  question  in  the  Hippo-YAP  field  relates  to  the  upstream 
signals  that  regulate  the  Hippo  kinases.  Our  studies  here  have  identified 
many  molecules  and  pathways  that  might  impinge  on  Hippo  activity 
and  growth  control.  As  many  of  these  kinases  are  also  mutated  in 
human  cancer,  their  identification  as  regulators  of  YAP  might  provide 
a  molecular  explanation  for  the  observations  that  YAP  is  highly  active 
in  numerous  epithelial  tumours,  where  mutations  in  the  canonical 
Hippo  components  are  not  found. 

The  tumour  suppressive  function  of  LKBl  has  primarily  been  linked 
to  its  ability  to  regulate  cellular  metabolism  through  AMPK  activation^^. 
LKBl  is  linked  to  mTOR  through  the  sequential  activation  of  AMPK 
and  the  tumour  suppressor  TSC2,  whose  activation  leads  to  suppression 
of  mTOR  activity^^.  It  has  been  shown  that  polyps  from  PJS  patients 
show  upregulated  mTOR  activity,  as  do  pancreata,  cardiomyocytes 
and  endometria  of  -deficient  mice.  Treatment  of  endometrial 
LKBl -mutant  adenocarcinomas  with  rapamycin  and  mTOR  inhibitor, 
leads  to  regression  of  these  tumours,  supporting  a  functional  role  for 
mTOR  downstream  of  LKbl  (ref.  38).  Our  studies  here  suggest  that 
LKBl  can  also  exert  its  tumour  suppressive  effects  through  activation 
of  a  PAR- 1 -mediated  polarity  axis  that  controls  the  Hippo  signalling 
pathway.  Our  data  demonstrating  that  YAP  loss  could  completely 
rescue  growth  phenotypes  mediated  by  LKBl  loss  in  vivo  suggest  that 
this  might  a  central  mechanism.  On  this  note,  it  has  been  shown  that 
YAP  can  lead  to  mTOR  activity  through  transcriptional  activation  of 
miR-29.  Thus,  YAP  activation  due  to  LKBl  alterations  could  also  lead 
to  mTORCl  activation. 

Our  data  provide  insight  into  a  signalling  axis  downstream  of  LKBl 
and  PAR-1  kinases  that  regulates  the  interaction  of  the  Hippo  kinases 
with  SCRIB  and  perhaps  other  components  of  the  basolateral  polarity 
complex.  MARKS  can  also  lead  to  changes  in  polarity  by  antagonizing 
the  PAR-3/PAR-6  polarity  complex^^.  This  complex  is  localized  apically 
whereas  PAR- 3  lacking  PAR- 1  phosphorylation  results  in  ectopic  lateral 
mislocalization.  Under  normal  conditions,  the  lateral  exclusion  of 
PAR-3/PAR-6  by  PAR-1  also  cooperates  with  Crumbs  to  restrict  Par-3 
localization,  and  loss  of  both  pathways  disrupts  epithelial  polarity^^. 
The  literature  supports  that  the  Hippo  pathway  is  indeed  regulated 
by  these  polarity  complexes^^’^®.  Whether  Par-3,  Par-6,  Crumbs  and 
other  substrates  of  Par-l/MARKs  are  also  involved  in  controlling 
SCRIB  remains  to  be  investigated.  Similarly,  a  connection  between 
Hippo-YAP  signalling  and  the  actin  cytoskeleton  has  recently  been 
demonstrated^^  Considering  that  LKBl  and  SCRIB  have  effects  on  the 
actin  cytoskeleton^^’^^,  it  is  possible  that  actin  fibre  regulation  could 
be  an  additional  mechanism  by  which  LKB 1  modulates  YAP  activity. 
LKBl  is  then  a  candidate  upstream  regulator  of  the  multiple  inputs 
that  impinge  on  YAP  activity.  Collectively,  these  data  suggest  that 
manipulation  of  the  Hippo  signalling  pathway  should  now  be  evaluated 
for  the  treatment  of  LKB  1  mutant  cancers.  □ 


METHODS 

Methods  and  any  associated  references  are  available  in  the  online 
version  of  the  paper. 

Note:  Supplementary  Information  is  available  in  the  online  version  of  the  paper 
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Stem  cell  (SC)  activity  fluctuates  throughout  an  organ¬ 
ism's  lifetime  to  maintain  homeostatic  conditions  in  all 
tissues.  As  animals  develop  and  age,  their  organs  must 
remodel  and  regenerate  themselves  in  response  to  en¬ 
vironmental  and  physiological  demands.  Recently,  the 
highly  conserved  Hippo  signaling  pathway,  discovered 
in  Drosophila  melanogaster,  has  been  implicated  as  a 
key  regulator  of  organ  size  control  across  species.  De¬ 
regulation  is  associated  with  substantial  overgrowth 
phenotypes  and  eventual  onset  of  cancer  in  various 
tissues.  Importantly,  emerging  evidence  suggests  that 
the  Hippo  pathway  can  modulate  its  effects  on  tissue 
size  by  the  direct  regulation  of  SC  proliferation  and 
maintenance.  These  findings  provide  an  attractive  mod¬ 
el  for  how  this  pathway  might  communicate  physiologi¬ 
cal  needs  for  growth  to  tissue-specific  SC  pools.  In  this 
review,  we  summarize  the  current  and  emerging  data 
linking  Hippo  signaling  to  SC  function. 

Background:  stem  cells  and  organ  size 

Many  mammalian  organs  contain  a  subpopulation  of 
undifferentiated  stem  cells  (SC)  involved  in  tissue  replen¬ 
ishment  and  repair.  Exquisite  molecular  mechanisms  exist 
to  balance  SC  proliferation,  death  and  fate  decisions.  Par¬ 
ticularly  during  development  and  regeneration,  SC  num¬ 
bers  and  activity  need  to  be  tightly  monitored  to  produce 
organs  of  a  predetermined  size.  There  seems  to  be  a 
precedent  for  this  in  the  case  of  the  brain.  In  mice,  a 
decrease  in  the  number  of  neuronal  progenitor  cells  leads 
to  reduced  cortical  size,  whereas  increased  numbers  of 
progenitor  cells  leads  to  exencephalic  forebrain  overgrowth 
[1].  Similarly,  the  size  of  the  pancreas  is  also  dependent  on 
the  number  of  progenitor  cells  during  development  [2]. 
Thus,  it  seems  reasonable  to  hypothesize  that  the  path¬ 
ways  that  control  mammalian  organ  size  communicate 
with  SC  compartments  because  tissue  expansion  increases 
the  need  for  SC  numbers  and/or  activity.  Our  current 
insight  into  such  communication,  however,  is  scant. 

Recently,  Drosophila  genetics  has  led  to  the  emergence 
of  a  new  signaling  cascade,  the  Hippo  pathway,  that  may 
constitute  an  intrinsic  size  regulator  that  stops  growth 
when  an  organ  reaches  its  normal  size  [3-11].  Mutations 
in  components  of  this  pathway  lead  to  hugely  overgrown 
organs  as  the  result  of  an  increase  in  mitosis  and  decreased 
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susceptibility  to  cell  death  [12-14] .  Importantly,  emerging 
evidence  suggests  that  the  Hippo  pathway  can  modulate 
its  effects  on  tissue  size  by  the  direct  regulation  of  SC 
proliferation  and  maintenance.  Current  work  in  flies  and 
mammals  has  also  implicated  a  role  for  cellular  crowding 
and  cell-cell  contacts  in  regulating  Hippo  signaling,  pro¬ 
viding  an  attractive  model  for  how  this  pathway  might 
communicate  the  physiological  needs  of  organ  growth  to 
their  tissue-speciflc  SC  pools  [15-19].  In  this  review,  we 
summarize  the  recent  flndings  that  link  Hippo  signaling  to 
the  regulation  and  maintenance  of  SCs  in  mammals,  and 
highlight  questions  that  remain  unanswered  in  this  prom¬ 
ising  new  fleld. 

Hippo  signaling  in  mammals 

The  Drosophila  Hippo  signaling  pathway  is  highly  con¬ 
served  throughout  evolution,  with  all  core  components 
having  direct  orthologs  in  mammals  (Figure  1).  According¬ 
ly,  several  loss-of-function  mutant  phenotypes  in  flies  can 
be  rescued  by  the  expression  of  their  respective  human 
homologs  [10,20-22].  Signal  transduction  between  the 
mammalian  Hippo  components  is  also  analogous  to  that 
in  flies.  At  the  core  of  the  signaling  cascade  are  the  Sterile 
20-like  kinases  MSTl  and  MST2  and  their  regulatory 
protein  WW45  (also  known  as  SAVl),  which  interact  to 
form  an  activated  complex.  MSTl/2  can  also  be  activated  by 
binding  to  the  RASSF  family  proteins,  which  recruit  this 
kinase  to  the  cell  membrane  and  promote  its  activity 
[23,24].  Activated  MSTl/2  can  then  directly  phosphorylate 
the  large  tumor  suppressor  homolog  kinases  LATSl  and 
LATS2  [5,25,26].  LATSl/2  are  regulated  by  MOBKLIA/B 
(collectively  referred  to  as  MOBl),  which  are  also  phosphor- 
ylated  by  MSTl/2  to  enhance  binding  in  the  LATS  1/2- 
MOB  1  complex  [27].  In  response  to  high  cell  densities, 
activated  LATS  1/2  phosphorylates  the  WW-domain  con¬ 
taining  transcriptional  coactivators  YAP  at  Serl27  and 
TAZ  at  Ser89,  promoting  14-3-3  binding  and  thereby  inhi¬ 
biting  their  translocation  into  the  nucleus  [5,28-33].  Unin¬ 
hibited  YAP/TAZ  localize  to  the  nucleus  where  they  serve  as 
coactivators  for  the  TEA-domain  family  member  (TEAD) 
group  of  DNA-binding  transcription  factors  [34,35] .  Togeth¬ 
er,  the  YAP/TAZ-TE  AD  complex  promotes  proliferative  and 
survival  programs  by  inducing  the  expression  of  a  yet 
unclear  transcriptional  program  (Figure  1). 

Although  our  understanding  of  signal  transduction 
within  the  core  kinase  cascade  is  well  deflned,  the  mecha¬ 
nisms  and  proteins  involved  in  upstream  regulation  of  the 
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Figure  1.  Schematic  model  of  the  Hippo  signaling  cascade  in  mammals.  Cells,  in  blue  with  a  dark  blue  lipid  bilayer  and  a  green  nucleus,  are  shown  with  their  respective  cellular 
junctions.  Blunted  lines  and  arrows  indicate  inhibition  and  activation,  respectively.  Solid  lines  represent  known  interactions;  dashed  lines  indicate  unknown  mechanisms. 
Crumbs  (Crb),  Expanded  homologs  (Ex1/2),  Kibra  and  Ajuba  (Ajub)  represent  other  potential  regulators  of  Hippo  signaling  in  mammals  not  discussed  in  the  text. 


Hippo  pathway  are  not  as  well  established.  Among  many 
proteins  postulated  to  be  important  in  the  initial  steps  of 
Hippo  signal  transduction,  the  only  one  functionally  vali¬ 
dated  in  vivo  is  the  Neurofihromatosis2  gene  product  NF2 
(also  known  as  Merlin)  [36,37].  However,  how  the  mem¬ 
brane-associated  NF2  protein  signals  to  MST  or  other 
downstream  components  remains  a  subject  of  major  inves¬ 
tigation.  Recently,  studies  of  the  mammalian  pathway 
have  highlighted  important  points  of  divergence,  and  Hip¬ 
po  signaling  appears  to  be  more  complicated  and  even 
context-specific  in  mammals  [12-14] . 

YAP:  a  "sternness'  gene 

During  normal  homeostatic  conditions,  adult  SCs  reside  in 
defined,  organ-specific  progenitor  cell  compartments.  For 
instance,  the  epithelium  of  the  small  intestine  arises  from 
actively  cycling  hgTS"^  SCs  in  the  base  of  the  crypts,  and 
‘mini-guts’  can  be  generated  in  vitro  from  a  single  LgrS"^  SC 
[38].  Similarly,  skin  SCs  present  at  the  hair  follicle  and 
interfollicular  basal  stem/progenitor  compartments  are  re¬ 
sponsible  for  organ  homeostasis  and  regeneration  of  tissue 
(Figure  2).  One  of  the  first  pieces  of  evidence  linking  Hippo 
pathway  activity  to  SC  function  came  from  observations 
that  YAP  and/or  TEAD  expression  was  enriched  in  anatom¬ 
ical  compartments  containing  stem/progenitor  cells.  In 
organs  such  as  the  small  intestine  and  the  developing  brain. 


YAP  expression  is  highly  restricted  to  progenitor  compart¬ 
ments,  whereas  other  tissues  such  as  skin  and  skeletal 
muscle  show  graded  YAP  levels  based  on  differentiation 
status:  nuclear  (active)  YAP  expression  in  stem/progenitor 
cells  and  cytoplasmic  (inactive)  YAP  in  mature  cells  [39^2] . 
This  spatial  organization  linking  YAP  expression/activity  to 
progenitor  compartments  in  various  organs  indicates  that 
the  transcriptional  activity  of  the  YAP/TEAD  complex  could 
be  important  in  the  maintenance  of  SC  traits  in  normal 
tissues.  This  conclusion  is  in  agreement  with  other  studies 
that  have  described  YAP  and  TEAD  as  ‘sternness’  genes 
based  on  expression  analyses  of  adult  hematopoietic,  neural 
and  embryonic  SCs  [43] . 

Although  the  staining  pattern  of  YAP  in  various  tissues 
is  generally  well  characterized,  other  data  and  tools  for 
assaying  the  in  vivo  activity  of  this  pathway  remain  elu¬ 
sive.  Specifically,  the  precise  expression  pattern  of  other 
Hippo  signaling  components  in  tissues  is  mostly  unclear. 
The  generation  of  novel  detection  reagents,  such  as  im¬ 
proved  phospho-specific  antibodies,  to  monitor  cellular 
compartments  where  the  pathway  is  active  or  inactive  will 
be  critical  to  understanding  the  full  mechanisms  by  which 
Hippo  signaling  controls  SC  biology.  Additionally,  an  in 
vivo  transcriptional  reporter  for  YAP/TEAD  transcription¬ 
al  activity,  akin  to  the  TOPfiash  reporter  for  WNT  activity 
is  currently  lacking  in  the  Hippo  field  [44] .  The  generation 
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Figure  2.  YAP  expression  in  SC/progenitor  cell  compartments,  (a)  Intestinal  crypt  architecture  with  quiescent  (+4)  and  active  crypt  base  columnar  (CBC,  Lgr5"^)  SCs  are  shown. 
Also  shown  but  not  discussed  in  the  text  are  mature  cell  types,  the  transit-amplifying  compartment  and  components  of  the  intestinal  stroma  (myofibroblasts).  Inset  depicts  YAP 
localization  in  crypts,  in  wild-type  intestine,  (b)  Epidermal  architecture  with  progenitor  cells  residing  in  the  basal  layer  (BL).  Asymmetric  divisions  in  this  compartment  produce 
short-lived  progenitor  cells  that  stratify  as  they  differentiate,  leaving  the  basal  layer  and  moving  up  into  the  spinous  layer  (SL),  granular  layer  (GL)  and  stratum  corneum  (SC). 
Inset  depicts  significant  YAP  localization  in  the  basal  layer  of  wild-type  skin.  Black  dotted  line  represents  the  border  between  the  dermis  and  epidermis. 


of  such  a  tool  could  prove  important  for  marking  and/or 
defining  SCs  in  vivo,  while  simultaneously  facilitating  their 
isolation  from  various  tissues.  Finally,  a  major  challenge 
has  been  to  determine  the  cell-specific  effects  that  the  Hippo 
pathway  has  in  different  tissues.  Much  of  what  is  known 
about  Hippo  is  based  on  conditional  knockouts  at  the  whole 
organ  level.  As  such,  it  remains  unclear  whether  this  path¬ 
way  would  affect  SCs  and  progenitors  differently.  Similarly, 
whether  Hippo  plays  a  cell-  or  non-cell-autonomous  role  in 
SC  biology  will  have  to  be  investigated,  because  most  of  the 
experiments  performed  in  mammals  could  affect  the  SC 
niche  as  much  as  the  SCs  themselves.  Therefore,  direct 
manipulation  of  SCs  and  other  organ-specific  cells  would 
be  beneficial  in  revealing  precisely  which  cell  populations 
contribute  to  Hippo  mutant  phenotypes.  Regardless  of  these 


issues,  much  progress  has  been  made  in  exploring  the 
cellular  and  molecular  underpinnings  of  Hippo  signaling 
in  various  types  of  SCs.  We  outline  these  findings  in  the  next 
section  (Table  1). 

Hippo  signaling  and  somatic  SCs 

Hippo  in  the  iiver 

Compared  with  other  organs,  growth  in  the  liver  has  nu¬ 
merous  unusual  features.  In  adults,  the  hepatocytes  that 
constitute  most  of  the  liver  are  largely  quiescent,  dividing 
approximately  once  every  year.  These  mature  cell  types  are 
important  in  this  organ,  because  tissue  replenishment  is 
accomplished  by  differentiated  hepatocytes  rather  than  by 
multipotent  stem  cells.  If,  however,  hepatocyte  proliferation 
is  suppressed  (i.e.  in  response  to  hepatotoxins),  a  putative. 
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Table  1.  Known  mechanisms/interactions  with  other  major  pathways  that  impinge  on  Hippo  signaling  in  somatic  and  embryonic 
SCs 


Stem  cell  type  I 

Phenotype 

Mechanistic  insight 

Refs  1 

Skin 

a-Catenin  cKO  or  Yap  OE  causes  epidermal 

SC  expansion;  leads  to  SCC 

a-Catenin  recruits  and  indirectly  binds 

YAP  through  14-3-3  at  AJs 

[19,53] 

Liver 

MSTl/2  cKO  or  WW45/MER  cKO  expands  hepatocytes 
and/or  oval  cells  leading  to  mixed  HCC/CC  tumors 

Canonical  Hippo  signaling,  with  MST  and 

WW45/MER  controlling  YAP  localization  in 
hepatocytes  and  oval  cells,  and  in  oval  cells 
only,  respectively 

[5,37,39, 

46-49] 

Intestine 

OE  of  active  YAP  or  MST/SAV1  cKO  expands 
progenitor-like  cells  and  blocks  differentiation 

Active  YAP  promotes  WNT  signaling  by  enhancing 
p-catenin  transcriptional  activity  and  induces 
expression  of  Notch  targets 

[39,57,58] 

Cardiac  muscle 

WW45/LATS/MST  cKO  or  YAP  OE  promotes 
cardiomyocyte  proliferation;  YAP  cKO  leads  to 
myocardial  hypoplasia 

Nuclear  YAP  binds  p-catenin  while  indirectly 
stimulating  WNT  signaling  through  the  IGF  pathway 

[59,60] 

CNS 

MST/LATS  cKO  or  YAP  activation  expands  neural 
progenitor  cells  in  neural  tube;  YAP  OE  expands 

CGNPs  in  the  cerebellum  and  leads  to  medulloblastoma 

Canonical  Hippo  signaling  in  the  neural  tube 

Shh  induces  expression  and  nuclear  localization  of 

YAP  in  cerebellar  granule  neural  precursors  (CGNPs) 
Notch  induces  YAP  expression  in  the  cortex 

[62-65] 

ESCs 

Loss  of  TAZ  in  hESCs  and  loss  of  YAP  or  TEAD  in 
mESCs  results  in  loss  of  self-renewal; 

YAP  OE  prevents  differentiation  in  mESCs 

In  hESCs,  TAZ  promotes  self-renewal  by  mediating 
TGF-p  signals  and  controlling  the  localization  of  S 
MAD2/3-4 

In  mESCs,  YAP  binds  SMAD1  in  response  to  BMP 
signaling  for  ESC  maintenance 

[71-75] 

cKO,  conditional  knockout;  SCO,  squamous  cell  carcinoma;  AJs,  adherens  junctions;  HOC,  hepatocellular  carcinoma;  CC,  cholangiocarcinoma;  OE,  overexpression;  IGF, 
insulin-like  growth  factor;  Shh,  sonic  hedgehog;  CGNP,  cerebellar  granule  neural  precursor;  CSC,  cancer  stem  cell;  EMT,  epithelial-mesenchymal  transition;  hESCs,  human 
embryonic  stem  cells;  mESCs,  mouse  embryonic  stem  cells;  TGF-p,  transforming  growth  factor  P;  BMP,  bone  morphogenic  protein. 


ill-defined  SC  population  referred  to  as  ‘oval  cells’,  found  in 
periportal  regions,  expands  and  differentiates  into  both 
hepatocytes  and  cholangiocytes  to  regenerate  lost  liver 
tissue  [45]. 

Landmark  studies  that  initially  supported  the  physio¬ 
logical  relevance  of  the  Hippo  pathway  in  mammals  were 
performed  in  the  liver,  using  mouse  models  that  condi¬ 
tionally  overexpress  YAP  in  hepatocytes  [5,39].  YAP  acti¬ 
vation  in  the  postnatal  liver  resulted  in  dramatic  but 
reversible  liver  hyperplasia,  with  up  to  a  fourfold  increase 
in  the  total  mass  of  the  organ.  At  the  cellular  level, 
exacerbated  proliferation  of  mature  hepatocytes  was 
shown  to  be  the  main  cause  of  the  hyperplasia.  These 
studies  provided  the  initial  demonstration  that  an  ortho¬ 
log  of  the  Drosophila  Hippo  pathway  could  affect  tissue 
size  in  mammals  and  laid  the  groundwork  for  further 
exploration  of  this  pathway.  More  recently,  other  compo¬ 
nents  of  the  Hippo  pathway  were  postulated  to  repress 
proliferation  in  the  liver  [46-49].  Two  separate  studies 
showed  that,  following  Mstl  / 2  deletion,  livers  overgrew 
and  mice  developed  tumors  with  mixed  hepatocellular 
carcinoma  (HCC)  and  cholangiocarcinoma  (CC)  pheno¬ 
types,  indicating  that  these  malignancies  originated  from 
bipotential  liver  progenitor  cells  [46,47] .  Accordingly,  his¬ 
tological  and  biochemical  examination  showed  an  expan¬ 
sion  of  both  hepatocytes  and  oval-like  cells,  a  decrease  in 
the  level  of  phosphorylated  YAP  and  LATSl/2  proteins, 
and  increased  nuclear  YAP  localization  [46,47].  In  cell 
lines  derived  from  MSTl/2  null  livers,  depletion  of  YAP 
caused  growth  inhibition  and  extensive  apoptosis,  find¬ 
ings  that  support  the  premise  that  YAP  activation  is  the 
major  mechanism  underlying  the  liver  overgrowth  seen 
with  MSTl/2  depletion. 

Similar  results  were  found  in  hepatocyte-specific  WW45 
and  NF2  conditional  knockout  (cKO)  mice,  whose  livers 
also  overgrew  and  developed  HCC/CC  mixed  tumors,  but 


showed  only  increased  numbers  of  oval  cells  without  con¬ 
comitant  hepatocyte  expansion  [47-49] .  In  NF2  cKO  livers, 
the  downstream  role  of  canonical  Hippo  pathway  compo¬ 
nents  was  less  clear,  because  opposing  data  regarding  a 
connection  to  YAP  have  been  published  [37,49].  Overall, 
because  the  types  of  cell  expanded  varied  depending  on  the 
component  deleted/overexpressed,  and  because  these  ge¬ 
netic  alterations  were  manipulated  at  the  whole  organ 
level,  key  experiments  using  cell-specific  Hippo  alterations 
would  clearly  elucidate  the  need  for  this  pathway  in  con¬ 
trolling  the  growth  of  the  various  cell  types  that  constitute 
the  liver.  Notwithstanding  this,  the  aforementioned 
results  clearly  indicate  that  Hippo  signaling  is  required, 
at  least  in  a  cell-autonomous  manner,  to  prevent  hyper¬ 
activation  of  YAP  in  mature  and/or  progenitor  cells,  there¬ 
by  preventing  aberrant  hepatocyte  and/or  oval  cell 
expansion,  and  malignant  transformation. 

Hippo  and  skin  SCs 

Skin,  the  largest  organ  in  mammals,  protects  the  body  from 
environmental  hazards  and  prevents  dehydration.  To  re¬ 
generate  continuously  and  maintain  its  structural  and  func¬ 
tional  integrity,  the  skin  relies  on  the  self-renewing  abilities 
of  epidermal  SCs  residing  in  the  basal  layer.  Asymmetric 
divisions  in  this  SC  compartment  produce  short-lived  pro¬ 
genitor  cells  that  stratify,  leave  the  basal  layer,  and  move  up 
through  the  suprabasal  layers  to  the  surface  of  the  organ  as 
they  terminally  differentiate  [50] . 

Recent  studies  have  highlighted  the  importance  of  YAP 
in  epidermal  development  and  SC  homeostasis  [19,41]. 
Using  a  mouse  model  with  skin-inducible  expression  of 
YAP,  two  independent  groups  demonstrated  that  activa¬ 
tion  of  YAP  results  in  severe  thickening  of  the  epidermal 
layer.  Remarkably,  this  hyperplasia  is  driven  by  the  ex¬ 
pansion  of  undifferentiated  interfollicular  SCs  and  progen¬ 
itor  cells  [19].  The  expanded  cells  displayed  enhanced 
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clonogenic  activity  and  extended  self-renewal  as  demon¬ 
strated  by  the  use  of  colony-formation  assays.  In  contrast, 
skin-specific  deletion  of  YAP  or  genetic  ablation  of  the 
YAP-TEAD  interaction  during  epidermal  development 
resulted  in  epidermal  hypoplasia  and  failure  of  skin  ex¬ 
pansion  [19] .  This  phenotype  was  attributed  to  the  gradual 
loss  of  epidermal  stem/progenitor  cells  and  their  limited 
capacity  to  self-renew. 

Surprisingly,  genetic  analysis  showed  that  YAP  is  not 
regulated  by  the  canonical  Hippo  kinases  in  the  skin. 
Instead,  it  was  shown  that  a-catenin,  a  component  of 
adherens  junctions  (AJs)  and  a  known  tumor  suppressor 
in  epithelial  tissues,  is  an  upstream  negative  regulator  of 
YAP.  Based  on  the  massive  overgrowth  phenotypes 
obtained  by  deletion  of  a-catenin  in  the  skin  and  develop¬ 
ing  brain,  it  was  postulated  that  AJs  could  act  as  molecular 
biosensors  of  cell  density  and  positioning  [51-53].  The 
genetic  and  functional  data  linking  YAP  and  a-catenin 
support  and  extend  this  idea  and  suggest  that  YAP  is  a 
critical  mediator  of  a  ‘crowd  control’  molecular  circuitry  in 
the  epidermis.  In  this  model,  increased  cellular  density 
(sensed  by  an  increased  number  of  AJs)  limits  SC  expan¬ 
sion  by  inactivating  YAP.  Low  basal  cell  density,  as  in  a 
growing  embryo  or  after  wounding,  would  translate  into 
nuclear  YAP  localization  and  proliferation.  When  this 
molecular  network  is  defective  (e.g.  due  to  deletion  of  a- 
catenin,  inactivation  of  14-3-3,  or  activation  of  YAP)  hyper¬ 
proliferation  and  tumors  can  arise. 

Hippo  in  the  intestine 

The  intestinal  epithelium  is  one  of  the  most  rapidly  regen¬ 
erating  tissues  in  the  body,  turning  over  completely  every 
4-5  days  through  the  continual  proliferation  of  intestinal 
SCs  (ISCs)  located  at  both  the  -i-4  position  and  at  the  base  of 
the  crypt  (Lgrb"^)  [54].  In  Lgr5'^  ISCs,  Notch  signaling 
functions  synergistically  with  the  Wnt  pathway,  the  pri¬ 
mary  proliferation  driver  in  the  ISC  compartment,  to 
control  the  balance  required  for  proper  growth  [55,56]. 
Although  endogenous  YAP  expression  is  typically  restrict¬ 
ed  to  the  crypt  compartment,  expression  of  an  inducible 
YAP-S127A  protein  in  the  intestine  led  to  reversible  ex¬ 
pansion  of  undifferentiated  cells  from  the  crypt,  a  pheno¬ 
type  similar  to  the  one  observed  after  YAP  activation  in  the 
skin.  It  was  also  shown  that  aberrant  Notch  activation  was 
potentially  responsible  for  the  hyperplastic  phenotype  [39] . 

Recent  studies  have  also  begun  to  dissect  the  function  of 
upstream  Hippo  regulators  in  this  tissue.  Conditional  dele¬ 
tion  of  MSTl/2  resulted  in  an  intestinal  phenotype  similar  to 
that  of  the  YAP  overexpressing  model,  with  expansion  of 
progenitor  cells,  disappearance  of  all  secretory  lineages  and 
the  onset  of  colonic  polyps,  whereas  SAVl  cKO  mice  exhib¬ 
ited  a  milder  phenotype  [57,58].  Accordingly,  the  authors 
noted  a  decrease  in  YAP  phosphorylation,  and  thus  promi¬ 
nent  nuclear  localization  of  YAP  in  both  cKO  guts.  It  was 
further  suggested  that  YAP  overexpression  mediates  the 
activation  of  Notch  and  Wnt  signaling  by  enhancing  p- 
catenin  transcriptional  activity  and  inducing  the  expression 
of  Notch  targets  [57].  To  this  end,  the  authors  showed  that 
the  ablation  of  one  YAP  allele  sufficiently  suppressed  the 
excessive  proliferation  seen  in  MSTl/2  cKO  animals,  a 
finding  that  placed  YAP  genetically  downstream  of  these 


kinases.  This,  along  with  the  finding  that  complete  loss  of 
YAP  does  not  alter  colonic  development,  highlights  this 
protein  as  a  promising  drug  target  in  gut  malignancies. 
Together,  these  results  are  consistent  with  a  model  in  which 
the  canonical  Hippo  components  SAVl  and  MSTl/2  actively 
restrict  YAP  transcriptional  activity  in  the  ISC  compart¬ 
ment  to  a  level  that  is  insufficient  to  promote  proliferation, 
and  indicate  that  aberrant  proliferation  induced  by  YAP  in 
ISCs  is  in  part  or  wholly  due  to  the  activation  of  Wnt  and 
Notch  signaling. 

Hippo  signaiing  in  the  heart 

Unlike  other  tissues,  the  role  of  Hippo  signaling  in  muscles 
is  not  well  characterized.  Recent  work  has  shown  that 
cardiac-specific  deletion  of  the  upstream  kinases  (WW45, 
MSTl/2  and  LATS)  or  overexpression  of  constitutively 
active  YAP  resulted  in  embryos  with  dramatic  cardiome- 
galy  due  to  elevated  cardiomyocyte  number  and  prolifera¬ 
tion.  Conversely,  YAP  deletion  caused  the  opposite  result, 
ultimately  leading  to  myocardial  hypoplasia.  Genetic  stud¬ 
ies  revealed  that  YAP  interacts  with  p-catenin  to  promote 
Wnt  signaling,  a  promoter  of  sternness  and  proliferation  in 
the  heart  [59,60].  Loss  of  p-catenin  in  SAVl  cKO  hearts 
suppressed  this  overgrowth  phenotype,  confirming  the 
aforementioned  interaction  data  [59].  A  second,  indepen¬ 
dent  group  extended  these  results  in  their  own  study  and 
suggested  a  model  in  which  YAP  activates  the  insulin-like 
growth  factor  (IGF)  pathway,  resulting  in  the  inactivation 
of  glycogen  synthase  kinase  3p  (GSK-3p)  and,  therefore, 
inactivation  of  the  Wnt  degradation  complex  [60].  These 
results  are  in  line  with  other  studies  in  which  BIO,  a  GSK- 
3p  inhibitor,  and  PI3K-Akt  signaling  promoted  cardiomyo¬ 
cyte  proliferation,  although  this  study  provides  the  first 
evidence  linking  all  three  pathways  biochemically  [60]. 
Therefore,  in  the  heart,  YAP  promotes  embryonic  and 
neonatal  cardiomyocyte  proliferation  by  binding  directly 
to  p-catenin  in  the  nucleus  to  promote  an  SC  gene  profile, 
while  indirectly  promoting  Wnt  signaling  through  the  IGF 
pathway. 

Hippo  and  nervous  tissues 

Neural  progenitor  cells  reside  along  the  ventricular  zone  in 
the  developing  vertebrate  neural  tube  and  are  responsible 
for  generating  the  myriad  of  cell  types  comprising  the 
mature  central  nervous  system  (CNS)  [61].  YAP  protein 
is  expressed  in  this  progenitor  zone  in  mouse,  frog  and 
chick  neural  tubes,  and  colocalizes  with  Sox2,  a  neural 
progenitor  marker  [62,63] .  Here,  loss  ofMstl  / 2  or  Latsl  / 2, 
or  activation  of  YAP-TEAD  leads  to  a  marked  expansion  of 
neural  progenitors,  partially  due  to  upregulation  of  cell 
cycle  re-entry  and  sternness  genes,  and  a  concomitant  block 
to  differentiation  by  suppressing  key  genes.  Conversely, 
YAP  loss  of  function  results  in  increased  cell  death  and 
precocious  neural  differentiation  [62]. 

In  the  cerebellum,  endogenous  YAP  is  highly  expressed 
in  cerebellar  granule  neural  precursors  (CGNPs)  and  in 
tumor-repopulating  cancer  SCs  in  the  perivascular  niche 
[64].  Cells  exhibiting  an  undifferentiated  CGNP  pheno¬ 
type,  such  as  in  medulloblastomas,  which  are  common  in 
children,  are  increased  in  this  region  of  the  brain  and 
express  high  levels  of  YAP  [64,65].  Given  that  CGNPs  rely 
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on  Sonic  hedgehog  (Shh)  signaling  to  expand,  and  that 
activation  of  the  Shh  pathway  is  implicated  in  human 
medulloblastomas,  the  connection  between  the  Shh  and 
Hippo  pathways  was  investigated  [64].  It  was  found  that 
Shh  signaling  induces  the  expression  and  nuclear  localiza¬ 
tion  of  YAP  in  CGNPs,  and  that  YAP  then  drives  the 
proliferation  of  these  cells.  Together,  these  studies  suggest 
a  new  model  for  the  brain,  in  which  YAP  promotes  NSC 
proliferation  by  serving  as  a  possible  nexus  between  NSC 
proliferative  pathways,  such  as  Notch  and  Shh  (and  possi¬ 
bly  others),  that  were  traditionally  thought  to  act  in  paral¬ 
lel  to  control  brain  development. 

Hippo  and  embryonic  SCs 

Embryonic  SCs  (ESCs),  isolated  from  the  inner  cell  mass  of 
blastocysts,  are  the  source  of  all  tissues  comprising  the 
developing  embryo,  fetus  and  ultimately  adult  organism. 
In  vitro,  human  and  mouse  ESCs  (hESCs  and  mESCs, 
respectively)  depend  on  different  signals  for  self-renewal: 
mESCs  rely  on  the  cytokine  leukemia  inhibitory  factor 
(LIE)  and  signals  from  bone  morphogenic  proteins  (BMPs), 
whereas  hESCs  rely  on  fibroblast  growth  factor  (FCF) 
signaling  and  a  balance  between  transforming  growth 
factor  p  (TCF-p)/Activin  and  BMP  signaling  [66-70].  Tran¬ 
scriptional  regulation  has  also  proven  to  be  key  for  ESC 
self-renewal,  plasticity  and  differentiation,  because  forced 
expression  of  various  transcription  factors  can  reprogram 
differentiated  tissues  into  pluripotent  SCs  (or  induced 
pluripotent  stem  cells,  iPSCs)  capable  of  self-renewal 
and  generating  adult  mice  [66,67] .  Recently,  studies  inves¬ 
tigating  YAP  and  TAZ  have  uncovered  a  role  for  these 
transcriptional  coactivators  in  regulating  ESC  self-renew- 
al  and  differentiation. 

One  study  that  links  Hippo  to  ESC  biology  found  that 
TAZ  dominantly  controls  the  localization  of  SMAD2/3-4 
proteins,  which  are  transcriptional  regulators  that  mediate 
TCF-p  signaling.  Upon  stimulation  with  TCF-p,  TAZ  binds 
SMAD2/3-4  proteins  to  facilitate  their  nuclear  accumulation 
and  couples  them  to  the  Mediator  complex,  thereby  promot¬ 
ing  their  transcriptional  activity  [71].  Importantly,  knock¬ 
ing  down  TAZ  but  not  YAP  in  hESCs  resulted  in  loss  of  self¬ 
renewal  and  differentiation  into  neuroectoderm,  the  same 
phenotype  seen  with  TCF-p  receptor  inhibition.  Conversely, 
knocking  down  LATS2  enhanced  the  generation  of  human 
iPS  cells  by  preventing  this  kinase  from  inactivating  TAZ 
[72].  In  mESCs,  YAP  associates  with  SMADl  to  control  Id 
gene  transcription  for  ESC  maintenance  in  response  to  BMP 
stimulation  [73] .  These  studies  indicated  a  link  among  YAP/ 
TAZ-dependent  BMP/TCF-p  transcriptional  output,  ESC 
maintenance  and  fate  decisions. 

More  recently,  two  studies  found  that,  during  mESC 
differentiation,  YAP  is  inactivated,  and  that  knockdown  of 
this  or  TEAD  proteins  results  in  loss  of  pluripotency 
[74,75].  Conversely,  YAP  is  activated  in  iPSCs,  increases 
reprogramming  efficiency,  and  prevents  differentiation  in 
mESCs  when  it  is  ectopically  overexpressed  [74].  These 
studies  also  found  that  YAP-TEAD  binds  to  and  promote 
the  transcription  of  known  sternness  genes  (e.g.  Oct3/4, 
Sox2,  PcG  targets,  LIE  targets,  Nanog  and  BMP  signaling 
targets)  in  mESCs  but  not  in  mature  cells.  Together,  these 
data  indicate  a  model  in  which  YAP/TAZ  maintains  ESC 


pluripotency  in  vitro  by  mediating  BMP/TGF-p  transcrip¬ 
tional  activity  and  directly  promoting  the  expression  of 
important  sternness  genes. 

Concluding  remarks 

Since  its  discovery  in  the  past  decade,  much  progress  has 
been  made  in  the  Hippo  field  and  it  is  now  clear  that  this 
pathway  and  its  effectors,  YAP  and  TAZ,  play  critical  roles  in 
cell  fate  decisions,  SC  proliferation  and  regeneration.  How¬ 
ever,  key  questions  regarding  the  identity  and  biological 
relevance  of  upstream  Hippo  modulators,  and  the  mecha¬ 
nisms  by  and  contexts  in  which  Hippo  crosstalks  with  other 
SC  regulatory  pathways  remain  to  be  answered.  A  particu¬ 
lar  challenge  in  the  field  relates  to  discovering  how  Hippo 
signaling  might  sense  and  respond  to  physiological  needs  for 
growth  and  repair  in  particular  organs.  Interestingly,  recent 
data  from  the  mouse  and  the  fiy  suggest  that  YAP/Yorkie 
activation  might  be  crucial  for  injury-induced  intestinal  SC 
proliferation  and  regeneration  in  response  to  tissue  damage 
[58,76-78].  Conclusive  answers  to  these  questions  could 
bring  important  insight  to  the  poorly  understood  problem 
of  organ  size  control.  To  this  end,  it  is  important  to  realize 
that  in  addition  to  cell-autonomous  signals,  microenviron¬ 
mental  cues  from  the  SC  compartment,  or  the  niche,  are 
known  to  play  a  key  role  in  enabling  adult  SCs  to  perceive 
and  respond  to  environmental  changes  and  needs  [79]. 

Cell  shape  and  polarity  also  have  a  profound  effect  on  the 
outcome  of  cell  division,  and  thus  differentiation  decisions, 
with  cleavage-plane  orientation  determining  whether  divi¬ 
sions  will  be  symmetric  (producing  identical  daughter  cells) 
or  asymmetric  (producing  daughters  with  different  fates) 
[80] .  It  is  not  surprising,  then,  that  the  significance  of  cell 
junctions  and  polarity  complexes  in  modulating  Hippo  sig¬ 
naling  has  become  increasingly  apparent  [12-14].  In  addi¬ 
tion  to  its  binding  to  a-catenin  and  adherens  junctions,  YAP 
can  interact  directly  with  members  of  the  Crumbs  polarity 
complex  at  tight  junctions  [15-18,81].  These  observations 
suggest  that  YAP  can  localize  physically  to  both  adherens 
and  tight  junctions.  Whether  one  particular  adhesion  com¬ 
plex  is  the  most  important  regulator  of  YAP  activity  and 
localization  will  probably  depend  on  the  architecture  of  each 
particular  tissue.  Interestingly,  Hippo  pathway  proteins 
Latsl,  Mstl  and  Drosophila  Mats  (Mobl  homolog)  are 
reported  to  be  activated  by  membrane  targeting  [82-84]. 
Therefore,  these  membrane  adhesion  complexes  might 
serve  as  a  platform  for  Hippo  pathway  phosphorylation 
events  to  occur.  The  challenge  is  now  to  validate  these 
observations  in  vivo  and  place  them  in  a  cellular  and  physi¬ 
ological  framework  that  could  provide  new  insights  into  SC 
biology  and  organ  growth. 

It  is  now  fair  to  speculate  that  proper  tissue  homeosta¬ 
sis,  including  the  number  of  SCs  and  mature  cells,  is 
achieved  through  a  combination  of  cell-  and  non-cell-au¬ 
tonomous  signaling,  spatial  control  of  YAP/TAZ  localiza¬ 
tion  by  cell-cell  contact,  and  mechanical  cues  dictated  by 
tissue  architecture.  Further  elucidation  of  these  processes 
and  how  they  ultimately  converge  on  Hippo  signaling  is 
likely  to  provide  insight  into  the  molecular  mechanisms 
that  regulate  development,  SC  maintenance  and  tumori- 
genesis.  Additional  studies  probing  this  exceptionally  im¬ 
portant  SC  pathway  will  thus  be  critical  in  the  search  for 
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new,  regenerative  approaches  to  human  medicine  and 
disease. 
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Over  the  past  decade,  the  Hippo  signaling  cascade  has  been  linked  to  organ  size  regulation  in  mammals. 
Indeed,  modulation  of  the  Hippo  pathway  can  have  potent  effects  on  cellular  proliferation  and/or  apopto¬ 
sis  and  a  deregulation  of  the  pathway  often  leads  to  tumor  development.  Importantly,  emerging  evidence 
indicates  that  the  Hippo  pathway  can  modulate  its  effects  on  tissue  size  by  the  regulation  of  stem  and 
progenitor  cell  activity.  This  role  has  recently  been  associated  with  the  central  position  of  the  pathway 
in  sensing  spatiotemporal  or  mechanical  cues,  and  translating  them  into  specific  cellular  outputs.  These 
results  provide  an  attractive  model  for  how  the  Hippo  cascade  might  sense  and  transduce  cellular  ‘neigh¬ 
borhood’  cues  into  activation  of  tissue-specific  stem  or  progenitors  cells.  A  further  understanding  of  this 
process  could  allow  the  development  of  new  therapies  for  various  degenerative  diseases  and  cancers. 
Here,  we  review  current  and  emerging  data  linking  Hippo  signaling  to  progenitor  cell  function. 
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1.  Introduction:  the  hippo  pathway  basics 

The  Hippo  signaling  cascade  was  first  identified  in  Drosophila 
Melanogaster  as  an  important  regulator  of  organ  size.  The  high  level 
of  interspecies  conservation  of  the  Hippo  pathway  components 
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then  suggested  the  existence  of  a  Hippo-like  cascade  in  mammals. 
The  Hippo  pathway  is  composed  of  a  core  of  two  kinase  com¬ 
plexes  converging  on  the  transcriptional  coregulators  YAP  (YAP65) 
and  TAZ  ( Wwtrl ).  YAP  was  first  identified  as  a  65  kDa  interacting 
partner  of  c-yes  in  chicken  [1].  The  human  and  mouse  homologs 
of  YAP65  were  described  soon  after  and  were  shown  to  differ 
slightly  in  their  sequence  [2].  Soon  after  YAP,  its  paralog  TAZ 
(Wwtrl )  was  identified  as  a  WW-domain  containing  protein  inter¬ 
acting  with  14-3-3  in  the  cytoplasm  [3].  Consistently  with  their 
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similarity  in  sequence,  YAP  was  also  shown  to  interact  with  14-3-3 
proteins,  which  were  proposed  to  restrict  the  potential  of  YAP  as 
a  co-regulator  for  the  transcription  factors  of  the  TEAD/TEF  family 
by  retaining  YAP  in  the  cytosol  [4].  Taken  together  these  studies 
unveiled  the  now  well-recognized  mechanism  of  dynamic  nucleo- 
cytoplasmic  shuttling  regulating  YAP  and  TAZ  localization  as  well 
as  transcriptional  activity. 

The  finding  that  YAP65  was  able  to  interact  with  the  tran¬ 
scription  factor  Runx2  initially  revealed  the  role  of  YAP  as  a 
transcriptional  coregulator  [5,6].  Since  then,  the  list  of  transcrip¬ 
tion  factors  capable  of  interacting  with  YAP  and/or  TAZ  has 
grown  substantially  and  includes:  Smads,  Pax3,  Tbx5,  TTF-1 ,  PPAR7 
and  p73  [4,7-14,26].  However,  despite  the  growing  number  of 
transcriptional  partners,  only  the  transcription  enhancer  factors 
1-4  (TEF/TEAD  1-4)  have  been  shown  to  mediate  the  growth- 
promoting  function  of  YAP  so  far  [15-19]  and  are  considered  to 
be  the  primary  transcriptional  partners  of  YAP  and  TAZ. 

The  Drosophila  Hippo  cascade  was  identified  mainly  via  mosaic 
genetic  screens  for  mutations  leading  to  organomegaly  phenotypes 
(reviewed  in  [20]).  The  YAP/TAZ  ortholog  Yorkie  was  identified  as 
an  interacting  partner  of  the  Warts  kinase  (ortholog  of  mammalian 
Eats),  which  was  shown  to  phosphorylate  Yorkie  and  induce  its 
cytoplasmic  retention,  thus  inhibiting  its  activity  as  a  mediator 
of  tissue  growth  [19].  The  Hippo  pathway  is  also  well  conserved 
between  flies  and  humans  at  the  functional  level.  An  active  Hippo 
pathway  triggers  the  phosphorylation  of  YAP/TAZ  leading  to  its 
cytosolic  sequestration  by  the  14-3-3  family  members  [21,22]  thus 
inactivating  the  YAP/TAZ  complex’s  transcriptional  coregulatory 
activities  (Fig.  1).  High  cell-density  activates  the  Hippo  pathway 
kinases  and  promotes  the  phosphorylation  of  YAP  on  serine  127 
leading  to  its  nuclear  export  and  growth  inhibition.  Conversely, 
a  lower  cellular  density  favors  the  proliferative  role  of  nuclear 
YAP  when  the  protein  remains  un-phosphorylated  [22].  The  Hippo 
pathway  can  also  regulate  YAP  activity  by  controlling  its  degrada¬ 
tion  [23]. 

In  this  review,  we  will  summarize  the  current  knowledge  about 
the  role  of  the  Hippo  pathway  in  mammals  with  a  particular  empha¬ 
sis  on  embryonic,  adult  and  cancer  stem  cells. 

2.  The  core  Hippo  pathway  and  its  extended  family  in 
mammals 

2.1.  Core  Hippo  pathway  components:  signal  transduction 

The  core  of  the  mammalian  Hippo  pathway  is  composed  of  two 
kinase  complexes:  the  MSTl-2/Savl  complex  and  the  Lats/MOB 
complex.  The  mammalian  Savl  protein  (hSavaldorl ,  WW45)  inter¬ 
acts  with  the  MST  kinases  (Mammalian  Ste20-like  kinases)  and 
is  required  for  MST  kinase  activation  [27].  Two  MST  kinase  iso¬ 
forms  are  expressed  in  mammals,  MSTl  and  2  (also  known  as  ST1<4 
and  ST1<3,  respectively),  while  only  one  isoform  (Hippo)  exists  in 
Drosophila.  Similar  to  its  function  in  the  fly,  the  MST/Savl  com¬ 
plex  activates  the  large  tumor  suppressor  kinase  Eats  (ortholog 
of  the  Drosophila  kinase  Warts)  [28].  In  mammals,  there  are  2 
isoforms  of  Eats  kinases  (Eatsl  and  Eats2),  which  interact  with 
the  scaffold  proteins  MOBIA/MOBIB  [29].  The  two  mammalian 
MOB  isoforms  are  orthologs  of  the  single  Drosophila  Warts  scaffold 
protein  Mats  (Mob-as-tumor-suppressor).  MOBl  proteins  interact 
with  and  activate  Eatsl /2,  which  in  turn  phosphorylate  the  tran¬ 
scriptional  coregulators  YAP  and  TAZ  [25,30]. 

2.2.  The  upstream  transmembrane  and  membrane-associated 
components:  sensing 

Eight  is  being  shed  on  the  upstream  components  of  the  mam¬ 
malian  Hippo  pathway,  which  mainly  play  the  role  of  sensors  for  the 


cellular  surrounding  milieu.  A  number  of  transmembrane  proteins 
identifled  as  upstream  Hippo  pathway  components  in  flies  possess 
ortholog(s)  in  mammals  although  some  are  not  found  in  higher- 
level  organisms.  For  example,  flies,  but  not  mammals,  express  the 
protein  Dachs  which  is  an  unconventional  myosin  acting  as  a  down¬ 
stream  component  of  the  fly  cadherin  Fat  signaling  pathway  and 
has  an  inhibitory  effect  on  Warts  (Eats)  activity  [31,32]. 

In  flies,  activation  of  the  transmembrane  cadherin  Fat  (FAT4  in 
mammals)  by  its  transmembrane  ligand  Dachsous  (Dachsous  1  and 
2  in  mammals;  Dchsl/2)  inactivates  the  Hippo  signaling  pathway 
[31,33-37]  by  preventing  the  accumulation  of  Dachs  at  the  mem¬ 
brane  [31,32]  thus  favoring  its  interaction  with  the  Hippo  kinase 
Warts,  and  Dachs  subsequent  degradation  [34].  Deletion  of  Fat  in 
the  mouse  mammary  epithelial  cell  line  NOGS  leads  to  the  aber¬ 
rant  activation  of  YAP  and  drives  subcutaneous  tumor  formation  by 
this  otherwise  non-tumorigenic  cell  line  in  allograft  experiments  in 
nude  mice  [38].  However,  the  absence  of  organomegaly  in  the  Fat4 
and  Dchsl  mutant  mice  suggests  that  the  Hippo  signaling  path¬ 
way  is  not  regulated  by  the  Dchsl -Fat4  signaling  pathway  in  all 
mammalian  tissues  [39,40]. 

Consistently  with  the  well-established  role  of  the  Hippo  path¬ 
way  in  cell-cell  contact  inhibition,  the  tight  junction-related 
Crumbs  cell  polarity  complex  (composed  of  PAESl,  Inad  and 
angiomotins  (AMOT,  AMOTEl  and  AMOTE2))  as  well  as  the 
adherens  junction  proteins  (E-Cadherin  and  a-catenin)  have  been 
shown  to  sequester  the  transcriptional  coregulators  YAP/TAZ  at 
sites  of  cell-cell  adhesion,  thus  preventing  YAP/TAZ  nuclear  local¬ 
ization  and  inhibiting  their  pro-proliferative  and  anti-apoptotic 
transcriptional  activities  [41-44].  Also,  Ajuba,  a  member  of  the 
Zyxin  family  of  ElM  proteins  involved  in  transducing  signals  from 
sites  of  cell  adhesion  to  the  nucleus  during  endodermal  develop¬ 
ment  [45],  was  recently  identifled  as  a  modulator  of  the  Hippo 
pathway  [46].  Recently,  a  genetic  screen  in  flies  identifled  another 
ElM  protein,  Zyxl  02  (Zyxin;  Zyx),  as  a  modulator  of  the  Hippo  path¬ 
way:  loss  of  Zyxin  reduces  Yorkie  activity  and  organ  growth  [47]. 
Despite  the  presence  of  a  C-terminal  ElM  domain  in  both  Ajuba 
and  Zyxin,  these  proteins  modulate  Hippo  signaling  in  a  differ¬ 
ent  although  synergistic  manner.  While  Ajuba  inhibits  Warts/Eats 
activation,  Zyxin  appears  to  favor  its  degradation  via  a  Fat/Dachs- 
dependent  mechanism  [47].  Considering  that  the  mammalian 
Zyxin  proteins  are  linking  the  effects  of  mechanical  strain  to  cell 
behavior,  it  will  be  of  importance  to  study  their  effect  on  Hippo 
signaling  in  vivo. 

Other  newly  characterized  Hippo  pathway  regulators  are  the 
CD44  transmembrane  receptor  [48],  the  WW-domain  containing 
protein  Kibra  [49-52]  and  the  phosphatase  PP2A  [53,54].  CD44 
(which  is  absent  in  flies)  has  been  shown  to  promote  cell-cell  con¬ 
tact  inhibition  by  recruiting  and  inactivating  the  Neuroflbromin  2 
tumor  suppressor  gene  product.  Merlin  (NF2/Merlin),  in  response 
to  cell-cell  contact  [55,56].  NF2/Merlin,  a  FERM-domain  containing 
protein  that  also  interacts  with  FERMD6  (mammalian  homolog  of 
the  Drosophila  protein  expanded  regulating  Hippo  kinases  down¬ 
stream  of  Fat),  was  recently  shown  to  act  synergistically  with  Kibra 
to  promote  the  phosphorylation  of  Eatsl /2  (homologs  of  Wts)  [51  ]. 
Also,  the  phosphatase  PP2A  was  recently  shown  to  dephosphory- 
late  the  Mstl  /2  kinases  as  well  of  the  coregulator  YAP  [53,54]  while, 
the  scaffold  protein  Ras-Association  Domain  Family  (RASSFl  A)  was 
shown  to  activate  the  Mstl/2  kinases  [57]  by  preventing  their 
dephosphorylation  by  PP2A  [53].  Interestingly,  while  the  Ras  effec¬ 
tor  protein  RASSFl  A  (which  has  the  highest  homology  with  the 
fly  protein  dRASSF)  activates  the  Mst  kinases,  another  Ras  effector 
family  member,  RASSF6  was  shown  to  bind  to  Mst2  and  antagonizes 
Hippo  signaling  [58]. 

In  addition,  the  Drosophila  protein  Myopic  (Mop)  has  been  iden¬ 
tifled  as  a  regulator  of  the  transcriptional  activity  of  Yorkie  [59]. 
Mop  is  essential  for  EGFR  signaling,  both  in  vivo  and  in  cultured 
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Fig.  1.  Simplified  schematic  of  the  mammalian  Hippo  signaling  cascade.  The  adherens  junction  (AJ)  and  tight  junction  (TJ)/polarity  complexes  modulate  the  Hippo  pathway 
activity  in  response  to  cell-cell  contact  cues  by  altering  the  subcellular  localization  of  the  transcriptional  coregulators  YAP/TAZ.  Conditions  of  increased  cellular  density  (i.e. 
more  AJs)  limit  stem  cells  expansion  by  sequestering  phosphorylated  YAP  at  the  membrane  and  protecting  it  from  de-phosphorylation  by  PP2A.  In  a  corresponding  manner, 
conditions  associated  with  low  cell  density  lead  to  elevated  nuclear  YAP  and  activation  of  its  transcriptional  programs  (mainly  proliferative  and  antiapoptotic)  via  binding 
to  transcription  factors.  Signals  leading  to  the  activation  of  the  core  kinases  Mstl/2  and  Latsl/2  culminate  in  the  phosphorylation  of  YAP/TAZ,  which  leads  to  their  cytosolic 
localization.  In  addition,  RASSFIA  and  Kibra  can  activate  MSTl/2  while  RASSF6  has  an  inhibitory  effect.  Ajuba,  a  member  of  the  Zyxin  family  of  LIM  proteins  that  is  also 
recruited  to  the  cell  membrane  AJ  complex  can  inhibit  Latsl/2  activity.  The  detailed  mechanisms  responsible  for  the  nucleo-cytoplasmic  shuttling  and  the  complete  list  of 
compartment-specific  interactors  of  YAP/TAZ  have  yet  to  be  fully  elucidated.  Dashed  lines  represent  unknown  mechanism. 


cells  and  promotes  EGFR  signaling  by  facilitating  its  progression 
through  the  endocytic  pathway  and  promoting  signaling  from 
internalized  EGFR  [60].  Mop  regulates  the  Hippo  pathway  out¬ 
put  directly  by  sequestering  Yorkie  in  endosomal  compartments 
[59].  The  role  of  the  mammalian  homolog  of  Mop,  the  catalytically 
inactive  His-domain  protein  ^rosine  phosphatase  gene  {HD-PTP  or 
PTPN23)  [61],  in  Hippo  signaling  and/or  EGFR  signaling  remains  to 
be  established.  On  the  other  hand,  the  Ste20-like  kinase  Tao-1  was 
recently  shown,  in  both  flies  and  human  cells,  to  promote  the  Hippo 


pathway  activation  by  phosphorylating  the  Hippo/MST  kinases 
[62,63].  More  recently,  the  cell  adhesion  molecule  echinoid  (Ed), 
antagonist  of  the  Drosophila  EGFR  signaling,  has  been  shown  to 
regulate  organ  size  via  the  Hippo-Salvador  pathway.  Ed  interacts 
with  Savl  in  a  cell-cell  contact  dependent  manner  and  the  loss  of  Ed 
results  in  decreased  levels  of  phosphorylated  Yorkie  and  increased 
transcriptional  activity  leading  to  tissue  overgrowth  [64]. 

With  the  rapid  progression  of  our  understanding  of  the 
Hippo  pathway  in  flies,  one  of  the  current  challenges  for  the 
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mammalian  Hippo  pathway  is  to  validate  and  compare  these 
observations  in  mammalian  systems  in  vivo  to  gain  deeper 
insights  into  stem  cell  biology,  organ  size  regulation  and  can¬ 
cer. 


2.3.  Downstream  transcriptional  regulation:  biological 
integration 

An  important  difference  that  adds  a  level  of  complexity  to  the 
transcriptional  outputs  of  the  mammalian  Hippo  pathway  is  the 
presence  of  two  different,  yet  similar,  orthologs  of  the  coregu¬ 
lator  Yorkie  (YAP  and  TAZ)  in  addition  to  the  four  mammalian 
orthologs  of  the  transcription  factor  Scalloped  (TEF/TEADl-4).  The 
TEAD  transcription  factors  are  widely  expressed  in  most  tissues 
and  organs.  At  least  one  TEAD  isoform  is  expressed  in  every 
adult  tissue  in  mammals,  with  some  tissues  expressing  up  to  all 
four  isoforms.  However,  each  TEAD  isoform  displays  a  specific 
expression  pattern  depending  on  the  tissue  and/or  developmen¬ 
tal  stage  [65,66].  The  preferential  partnership  of  YAP/TAZ-TEAD 
transcriptional  regulation  is  well  recognized;  however,  YAP  and 
TAZ  regulate  the  transcriptional  activity  of  numerous  other  tran¬ 
scription  factors,  which  greatly  increases  the  number  of  genes 
whose  expression  can  be  specifically  regulated  by  these  factors 
in  response  to  Hippo  pathway  inactivation  thereby  suggesting 
the  existence  of  context-specific  YAP/TAZ  transcriptional  pro¬ 
grams. 

The  Hippo  pathway  relies  on  the  specific  WW-domain/PPxY 
domain  interactions.  Furthermore,  the  occurrence  of  multiple  vari¬ 
ants  of  YAP,  bearing  either  one  or  two  WW-domains,  implies  that 
some  effects  of  YAP  could  be  dependent  on  the  level  of  expres¬ 
sion  of  each  isoform  regulated  in  a  tissue-specific  manner.  The 
WW-domain/PPxY  domain  interactions  appear  to  be  an  important 
feature  of  the  pathway  and  could  help  unraveling  new  interactions 
regulating  the  pathway  in  a  context-specific  manner  (reviewed  in 
[67,68]). 

While  the  phosphorylation-dependent  nuclear  export  mech¬ 
anism  restricts  the  levels  of  YAP/TAZ  proteins  in  the  nucleus, 
and  subsequently  their  transcriptional  activity,  it  also  promotes 
YAP/TAZ  cytoplasmic  localization.  The  roles  of  YAP  and  TAZ  in 
the  cytosol  are  yet  poorly  defined,  but  it  has  been  reported  that 
while  in  the  cytosol,  YAP  and  TAZ  can  modulate  other  signaling 
cascades/pathways  by  interacting  with  or  regulating  the  expres¬ 
sion  of  key  components  of  those  pathways.  For  example,  the  Hippo 
pathway  can  restrict  the  activity  of  the  WNT  pathway  by  pro¬ 
moting  the  interaction  between  phosphorylated  TAZ  and  Dvl2  as 
well  as  by  promoting  the  interaction  between  phosphorylated 
YAP/TAZ  and  p-catenin  thus  inducing  their  cytosolic  retention 
and  decreasing  expression  of  WNT  target  genes  [69,70].  On  the 
other  hand,  the  Wnt  pathway  via  binding  of  p-catenin/TCF4  com¬ 
plexes  to  a  transcriptional  enhancer  in  the  first  intron  enhances 
YAP  expression  transcriptionally  in  colorectal  cancer  cells  [71]. 
The  interactions  between  Hippo  pathway  and  WNT  pathway  are 
highly  context-  and  tissue-specific  as  demonstrated  by  the  poten¬ 
tiation  of  Wnt  signaling  by  the  Hippo  pathway  in  the  heart  [72,73]. 
Hippo  signaling  can  also  inhibit  the  Transforming  Growth  Factor 
(TGF)p/SMAD  signaling  pathway  by  promoting  TAZ  phosphory¬ 
lation  and  sequestration  of  the  Smad2/3-phospho-TAZ  complex 
in  the  cytosol  [14].  Similarly,  YAP  and  TAZ  can  differentially 
modulate  the  activity  of  the  TGFp/SMAD  signaling  pathway  in 
a  context-  and  SMAD  isoform-specific  manner  [14,41,74].  It  is 
crucial  to  fully  understand  the  roles  of  the  coregulator  YAP 
and  TAZ  in  all  cellular  compartments  and  further  studies  are 
required  to  identify  their  specific  cytosolic  versus  nuclear  roles 
and  crosstalk  with  other  pathways  in  various  physiological  con¬ 
texts. 


3.  Hippo  signaling  in  mammals:  initial  insights  from  mouse 
models 

Loss-of-function  mouse  models  of  several  of  the  Hippo  path¬ 
way  components  (namely  NF2,  WW45,  MSTl /2,  LATSl /2,  YAP  and 
TAZ)  all  display  embryonic  or  perinatal  lethality  phenotypes  (either 
complete  or  partial),  thereby  highlighting  the  essential  role  of  the 
pathway  in  early  embryonic  development  in  mammals  as  well  as 
in  organ  size  regulation  and  homeostasis  [75-82]. 

Based  on  the  phenotypes  of  the  null  mice,  the  physiological  roles 
of  the  mammalian  YAP  and  TAZ  seem  to  diverge.  YAP-deficient 
mice  display  a  developmental  arrest  at  embryonic  day  8  as  a  result 
of  multiple  extra  embryonic  structure  defects  (yolk  sac  vascu- 
logenesis,  chorioallantoic  attachment,  accompanied  by  a  lack  of 
embryonic  axis  elongation).  In  contrast,  some  TAZ-deficient  mice 
are  viable  (sub-mendelian  ratio),  but  they  progressively  develop  a 
polycystic  kidney-like  accompanied  by  an  emphysema-like  condi¬ 
tion  during  adulthood  [80-82].  The  double  knockout  mice  for  YAP 
and  TAZ  display  earlier  embryonic  lethality  phenotype  than  the 
YAP  null  mice.  The  YAP/TAZ  double  mutant  embryos  die  before 
the  morula  stage  at  embryonic  day  2  due  to  a  pre-implantation 
defect  [83  ].  This  suggests  that  while  both  YAP  and  TAZ  are  required 
for  proper  implantation,  each  factor  plays  a  specific  and  only  par¬ 
tially  overlapping  role  during  mouse  embryogenesis.  Therefore,  an 
important  biological  question  remains  regarding  the  extent  of  the 
functional  overlap  of  YAP  and  TAZ  in  vivo,  which  is  a  poorly  explored 
facet  of  the  Hippo  pathway. 

Due  to  the  embryonic  or  perinatal  lethality  phenotypes  of  the 
Hippo  pathway  knockout  mice,  most  advances  in  understanding 
the  roles  of  the  mammalian  Hippo  pathway  in  adult  mice  have 
resulted  from  the  generation  of  tissue-specific  (constitutive  or 
inducible)  conditionally  targeted  mouse  models. 


4.  Hippo  signaling  in  development  and  embryonic  stem 
cells 

The  high  level  of  expression  of  YAP  and  TEAD2  in  embryonic 
stem  (ES)  cells,  neural  cells,  as  well  as  in  hematopoietic  stem  cells 
initially  placed  these  genes  in  a  general  ‘sternness’  transcriptional 
signature  [84].  More  recently,  modulation  of  the  Hippo  signal¬ 
ing  pathway  has  been  linked  to  the  maintenance  of  pluripotency 
in  mammalian  ES  cells  in  culture  [14,85]  and  the  modulation  of 
TEAD4,  LATS2  or  YAP  expression  leading  to  the  inactivation  of  the 
Hippo  pathway  has  been  involved  in  the  process  of  cell  fate  deter¬ 
mination  in  early  mouse  embryos  [83]. 

The  Hippo  pathway  interplays  with  important  pathways  linked 
to  ES  cells  pluripotency,  such  as  the  TGFp/Bone  Morphogenetic  Pro¬ 
tein  (BMP)  or  Leukemia  Inhibitory  Factor  (LIE)  pathways  both  in 
vivo  and  in  culture  [14,41,74,86].  In  cultured  ES  cells,  elevated  YAP 
expression  is  linked  to  pluripotency,  while  its  down-regulation  is 
associated  with  differentiation  [85].  While  the  total  level  of  YAP 
protein  is  decreased  during  ES  cell  differentiation,  the  phospho¬ 
rylation  of  YAP  on  serine  127  is  increased  resulting  in  a  reduced 
nuclear  YAP  environment  allowing  for  the  differentiation  of  ES 
cells.  Additionally,  differentiated  ES  cells  (reduced  nuclear  YAPl) 
have  a  significantly  lower  proportion  of  YAP  recruited  to  TEAD 
binding  sites  in  the  genome  in  comparison  to  pluripotent  ES  cells 
(high  nuclear  YAPl)  [85].  Moreover  YAP  is  activated  in  induced 
pluripotent  stem  cells  (iPSCs)  and  increases  reprogramming  effi¬ 
ciency,  while  simultaneously  inhibiting  differentiation  in  mouse  ES 
cells  (mESCs)  when  ectopically  overexpressed  [85].  The  YAP-TEAD 
complex  binds  to  and  promotes  the  transcription  of  important 
“sternness”  genes  (namely  Oct3l4,  Sox2,  Polycomb  Group  (PcG)  tar¬ 
gets,  LIE  targets,  Nanog,  and  BMP  signaling  targets)  specifically  in 
mESCs  over  mature  cells.  Thus,  in  ES  cells,  YAP  and  TAZ  promote 
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sternness  in  vitro  indirectly  by  mediating  BMP/TGF-p  transcrip¬ 
tional  activity  as  well  as  directly  by  regulating  the  expression  of 
expression  of  genes  responsible  for  the  maintenance  of  pluripo- 
tency  [85,86]. 


5.  Hippo  signaling  in  mammalian  stem  cell  compartments 

5.2.  Liver 

Similarly  to  its  role  in  flies,  inhibition  of  the  Hippo  pathway 
induces  organomegaly  phenotypes  in  mice.  Several  groups  have 
reported  an  increase  in  liver  size  following  liver-specific  genetic 
manipulations  mimicking  inactivation  of  the  Hippo  pathway  in 
mice.  This  was  achieved  either  via  an  inducible  overexpression 
of  YAP  in  the  adult  mouse  liver  [24,25]  or  by  liver-speciflc  abla¬ 
tion  of  the  MSTl  and  MST2  kinases  [87-89],  the  Salvador  homolog 
WW45  [88,90]  or  the  tumor  suppressor  NF2/Merlin  [91,92].  While 
the  Hippo-related  hepatomegaly  phenotypes  may  seem  similar  at 
first  glance,  several  key  differences  exist  between  the  models. 

Massive  periportal  accumulation  of  small  cells  with  the  features 
of  putative  bipotential  liver  stem  cells,  called  oval  cells  (OCs),  have 
been  reported  following  the  deletion  of  the  MSTl  and  MST2  kinases, 
WW45/Savl  and  NF2/Merlin  [87-91].  However,  in  all  cases  where 
OC  expansion  was  reported,  the  observed  effects  reflect  a  genetic 
manipulation  at  the  level  of  the  whole  organ.  The  systems  used 
were  either  the  albumin-Cre  (deleting  during  embryonic  devel¬ 
opment)  or  the  tamoxifen-inducible  CAGGCre-ER  (deleting  during 
neonatal/adult  stages)  which  can  mark  both  OC  and  hepatocyte 
lineages.  This  raises  the  question  of  whether  the  OC  expansion 
observed  following  Hippo  pathway  activation  in  liver  is  driven  by 
a  cell  autonomous  effect  in  the  OCs  themselves  or  by  a  non-cell 
autonomous  effect  triggered  by  the  hepatocyte  lineages.  Albumin 
(Alb)-Cre  driven  deletion  of  WW45  triggers  an  expansion  of  the 
OC  compartment  without  affecting  signiflcantly  the  Hippo  path¬ 
way  components  in  hepatocytes,  which  points  to  the  existence  of 
an  OC  intrinsic  effect  [88,90].  However,  deletion  of  MSTl/2  leads 
to  hepatocyte  proliferation  without  much  effect  on  cells  with  the 
appearance  of  OCs.  Future  experiments  should  aim  at  performing 
genetic  manipulations  in  speciflc  cellular  compartments  to  further 
deflne  this  mechanism. 

Both  studies  describing  the  enlargement  of  the  liver  following 
Alb-Cre  driven  NF2  deletion  in  mice  reported  a  massive  expansion 
of  an  undifferentiated  cell  population  in  the  periportal  area,  either 
referred  to  as  OCs  [91]  or  as  bile  duct  hamartomas  surrounded  by 
cytokeratin  positive  biliary  epithelial  cells  [92].  In  both  cases,  the 
lesions  appeared  during  early  developmental  stages  and  progres¬ 
sively  led  to  the  development  of  hepatocellular  carcinoma  (HCC)  in 
>7-month-old  mice.  One  of  the  major  differences  between  these 
two  studies  resides  in  the  mechanism  proposed  for  the  effects  of 
the  liver-speciflc  NF2  deletion. 

Benhamouche  et  al.  [91]  reported  a  partial  rescue  of  the  liver 
hepatomegaly  phenotype  following  10  days  treatment  of  the  Alb- 
Cre  conditional  NF2  mice  with  a  highly  speciflc  inhibitor  of  the 
tyrosine  kinase  receptor  EGFR.  This  treatment  induced  a  signiflcant 
decrease  in  the  liver  lesion  size  as  well  as  in  the  liver  weight/body 
weight  ratio.  This  interesting  flnding  suggests  that  EGFR  activity  is 
involved  in  the  OC  expansion  following  NF2  deletion  in  Alb-Cre 
targeted  cells.  However,  one  surprising  conclusion  of  the  Ben¬ 
hamouche  study  was  that  the  effects  observed  were  independent 
of  the  Hippo  signaling  cascade  and  YAP.  Yet,  previous  links  between 
YAP  and  EGFR  signaling  have  already  been  established  which  sug¬ 
gests  a  more  complex  and  potentially  tissue-speciflc  interplay  of 
the  Hippo  and  EGFR  pathways.  For  example,  YAP  and  TAZ  interact 
with  NHERFl  /EBP50  and  NHERF2,  respectively,  which  are  scaffolds 
for  membrane  tyrosine  kinase  receptors  such  as  EGFR  and  PDGFR 


[3,93,94].  In  addition,  the  YAP  target  genes  AREG  and  EREG  are  lig¬ 
ands  for  the  EGFR  family  [95,96]  and  several  novel  modulators  of 
the  Hippo  pathway  in  flies,  notably  Mop  and  Ed,  are  also  involved 
in  the  regulation  of  EGFR  signaling  [60,97]. 

Furthermore,  Zhang  et  al.  [92]  reported  completely  different 
observations  using  the  same  Alb-Cre  deletion  model.  They  reported 
a  complete  rescue  of  the  NF2  deletion-induced  hepatomegaly  phe¬ 
notype  by  the  concomitant  deletion  of  YAP.  In  that  study,  the 
heterozygous  deletion  of  YAP  was  sufficient  to  prevent  the  hep¬ 
atomegaly  phenotype  induced  by  NF2  deletion,  which  is  interesting 
considering  that  heterozygous  deletion  of  YAP  is  usually  inconse¬ 
quential  in  a  wild-type  background  [92].  The  albumin-Cre  driven 
deletion  of  YAP  alone,  while  not  affecting  liver  size,  resulted  in  an 
impaired  bile  ducts  development  and  a  deflcient  liver  function  [92]. 
The  reasons  to  explain  these  seemingly  conflicting  observations  are 
yet  unclear. 

In  the  Benhamouche  study,  no  histological  detection  of  YAP 
was  performed  on  the  lesions,  and  the  conclusion  that  the  effect 
is  Hippo-independent  was  drawn  from  cell  culture  studies  using 
NF2  null  primary  OCs  or  hepatoblasts  (HBs)  isolated  from  the  early 
lesions  of  the  Alb-Cre  NF2  floxed  mice.  They  reported  that  in  cul¬ 
tured  NF2  null  OCs,  the  reintroduction  of  exogenous  NF2  did  not 
alter  the  nuclear  localization  of  YAP  nor  decreased  the  expression  of 
the  YAP  target  genes  Sox4,  Birc2  and  Birc3.  Furthermore,  the  shRNA- 
mediated  knockdown  of  YAP  did  not  change  the  proliferation  rate 
of  cultured  OCs.  YAP  target  genes  (5ox4,  Birc2  and  Birc)  were  only 
modestly  changed  following  the  Ad-Cre  mediated  in  vitro  deletion 
in  HBs  isolated  from  NF2  floxed  mice.  In  addition,  the  in  vitro  dele¬ 
tion  of  NF2  did  not  alter  the  constitutive  nuclear  localization  of  YAP 
nor  NF2  phosphorylation  levels  in  HBs.  Taken  together  with  the 
Zhang  study,  these  flndings  reveal  our  preliminary  understanding 
of  the  full  set  of  pathways  that  NF2  regulates  and  that  impinge  on 
YAP  function. 

The  current  data  suggest  that  an  active  Hippo  pathway  is 
required  to  restrict  hepatocytes  and  OC  overproliferation.  Whether 
different  types  of  liver  damage  or  localization  of  the  primary  lesion 
will  trigger  OCs  contribution  to  the  repair  process  is  yet  to  be  deter¬ 
mined.  In  addition,  the  position  of  the  interaction  nexus  between 
various  signaling  pathways  and  the  Hippo  pathway  may  play  a  role 
in  the  type  of  regenerative  response  produced.  For  example,  the 
loss  of  NF2/Merlin  expression  in  the  adult  liver  (either  via  Mxl- 
Cre  or  Ad-Cre  mediated  deletion)  is  insufficient  to  induce  liver  OCs 
expansion  without  the  additional  stress  of  a  partial  hepatectomy. 
On  the  contrary,  the  deletion  of  Mstl  /2  and  WW45  are  sufficient  in 
themselves  to  drive  OC  expansion  [91,92]. 

This  suggests  that  NF2/Merlin  could  be  playing  a  more  limited 
role  in  maintaining  OC  quiescence  than  other  components  of  the 
Hippo  pathway,  such  as  YAP.  This  seems  likely  since  the  chances  of 
a  compensatory  ‘correction’  event  or  the  existence  of  a  protection 
mechanism  against  OC  over-proliferation  (and  HCC)  increase  with 
the  position  of  the  genetic  alteration  in  the  pathway.  Indeed,  the 
more  upstream  the  dysregulation  in  the  Hippo  pathway,  the  higher 
are  the  chances  of  a  compensatory  event  at  one  level  or  the  other 
before  reaching  the  transcriptional  output  involving  YAP.  Thus, 
although  each  component  may  impact  the  quiescence  of  the  OCs  to 
a  different  degree,  taken  as  a  whole,  these  studies  strongly  establish 
the  central  role  played  by  the  Hippo  pathway  in  the  maintenance 
of  quiescence  of  the  liver  stem  cell  pool  and  adult  hepatocytes. 


5.2.  Intestine 

Akin  to  its  role  in  the  liver,  overexpression  of  YAP  in  the  adult 
intestine  was  shown  to  induce  an  expansion  of  the  undifferentiated 
progenitor  compartment,  although  causing  no  obvious  enlarge¬ 
ment  of  organ  size  [24].  Overexpression  of  activated  YAP  led  to 
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Notch-dependent  hyperplasia  of  the  small  intestine  epithelium 
with  loss  of  the  terminally  differentiated  cell  lineages  [24]. 

Cai  et  al.  demonstrated  that  although  YAP  activity  was  dis¬ 
pensable  for  normal  intestinal  homeostasis,  it  was  required  for 
the  regeneration  of  the  intestinal  epithelium  following  dextran 
sulfate  sodium  (DSS)-induced  injury  [98].  They  reported  that  the 
regenerating  crypts  of  control  mice  expressed  highly  elevated  lev¬ 
els  of  YAP  in  both  cytosolic  and  nuclear  compartments  following 
DSS-induced  injury.  In  contrast,  the  Villin-Cre  floxed  YAP  mice 
(intestinal  epithelium-specific  deletion  of  YAP)  failed  to  regenerate 
a  functional  intestinal  epithelium.  The  complete  loss  of  intestinal 
crypts  in  the  Villin-Cre  YAP  conditional  knockout  mice  after  DSS 
injury  led  to  a  rapid  decrease  in  body  weight  resulting  in  death, 
showing  the  crucial  role  of  YAP  for  the  regeneration  of  damaged 
intestinal  epithelium  [98]. 

The  use  of  Villin-Cre  to  delete  Salvador  (aka  Savl,  WW45) 
resulted  in  induced  hyperplasia  of  the  intestinal  epithelium  in 
both  the  small  intestine  and  colon.  The  enlarged  crypts  of  the 
Villin-Cre  Savl -floxed  mice  displayed  a  marked  increase  in  cellu¬ 
lar  proliferation  accompanied  by  an  increase  in  nuclear  YAP  protein 
levels.  Furthermore,  the  intestinal  phenotype  of  the  Villin-Cre  Savl  - 
deficient  mice  was  completely  rescued  by  biallelic  loss  of  YAP  [98]. 
In  a  similar  manner  to  the  adult  mice,  the  intestinal  epithelium 
of  the  Savl -null  embryos  was  also  shown  to  be  hyperplastic  and 
displayed  immature  differentiation,  characterized  by  the  loss  of  dif¬ 
ferentiated  cell  types,  compared  to  littermate  controls  at  17.5  dpc 
[75]. 

Recently,  Zhou  et  al.  reported  that  deletion  of  Mstl  and  Mst2 
in  the  intestine  induces  hyperproliferation  of  undifferentiated 
cells  and  the  almost  complete  loss  of  the  secretory  cell  popula¬ 
tions  (namely  goblet  cells,  enteroendocrine  cells,  and  Paneth  cells) 
throughout  the  small  and  large  intestine  [99].  In  the  Mstl /2-null 
small  intestine  and  colon,  YAP  expression  is  detectable  at  high  lev¬ 
els  throughout  the  epithelium  and  is  almost  exclusively  nuclear. 
This  is  contrary  to  the  wild-type  intestine  where  YAP  expression  is 
restricted  almost  exclusively  to  the  crypts  where  it  is  largely  local¬ 
ized  in  the  cytosol  [99].  In  a  similar  manner  to  the  effect  of  YAP  loss 
in  the  Villin-Cre  Savl -floxed  mice,  loss  of  YAP  rescued  the  hyper¬ 
plasia  induced  by  the  deletion  of  Mstl/2.  In  addition,  the  loss  of 
only  one  allele  of  YAP  was  sufficient  to  entirely  rescue  hyperpro¬ 
liferation  and  loss  of  differentiation  resulting  from  Mstl  /2  deletion 
[99]. 

The  contribution  of  YAP  to  the  proliferative  capacity  of  the 
intestinal  stem  cells  and  transient  amplifying  compartments  dur¬ 
ing  normal  mucosal  turnover  appears  minimal  or  nonexistent 
[98,99].  In  accordance  with  this,  the  phenotypes  of  the  Villin- 
Cre  driven  Mstl/Mst2  and  Salvador  intestinal  knockouts,  which 
display  a  moderate  YAP-dependent  expansion  and  hyperprolifera¬ 
tion  of  intestinal  crypt  cells,  suggest  that  in  the  normal  intestinal 
epithelium  the  Hippo  pathway  is  actively  restricting  YAP  nuclear 
localization  and  transcriptional  activity  to  prevent  overprolifera¬ 
tion  and  cancer  [98,99].  Indeed,  the  Villin-Cre  Savl -floxed  mice 
develop  distal  colonic  polyps  at  more  than  12  months  of  age,  sim¬ 
ilarly  to  but  not  as  strongly  as  the  Villin-Cre  MSTl  /2-floxed  mice 
reported  to  develop  adenomas  of  the  distal  colon  as  early  as  13 
weeks  of  age,  which  is  the  median  survival  age  in  this  model  [98,99]. 

5.3.  Skin 

Similarly  to  other  mammalian  epithelial  tissues,  the  skin  under¬ 
goes  continuous  regeneration  cycles  throughout  the  life  and  this 
process  has  recently  been  associated  with  the  Hippo  pathway. 
Lee  et  al.  reported  that  the  Savl  (WW45)  null  embryos  displayed 
a  thickening  of  the  epidermal  layer  of  the  skin,  which  showed 
increased  proliferation,  progenitor  expansion,  decreased  apopto¬ 
sis,  and  absence  of  differentiation  (lack  of  stratiflcation  and  lack 


of  expression  of  differentiation  markers)  [75].  Consistently,  forced 
expression  of  YAP  in  the  skin  driven  by  the  skin-progenitor  speciflc 
l<eratinl4  (1<14)  promoter  resulted  in  the  thickening  of  the  epi¬ 
dermal  layer,  ampliflcation  of  epidermal  progenitors  and  decrease 
in  differentiation  [54,100].  Reciprocally,  skin  speciflc  deletion  of 
YAP  impaired  epidermis  formation.  The  l<14-cre  YAP  cKO  mouse 
embryos  were  all  born  without  skin  covering  the  distal  limbs, 
eyes  or  ears  and  displayed  a  complete  absence  of  skin  barrier  in 
these  anatomical  regions  [54].  It  has  been  shown  that  a-catenin, 
a  component  of  adherens  junctions  (AJs)  and  a  known  tumor  sup¬ 
pressor  in  epithelial  tissue,  is  an  upstream  negative  regulator  of 
YAP  in  the  epidermis.  The  overgrowth  phenotypes  induced  by  dele¬ 
tion  of  a-catenin  in  the  skin  and  developing  brain  prompted  the 
hypothesis  that  AJs  could  act  as  molecular  biosensors  of  cellu¬ 
lar  density  and  position  [101,102]  and  led  to  the  cellular  “crowd 
control”  model.  This  model  stipulates  that  the  increase  in  cellu¬ 
lar  density  is  sensed  by  an  increase  in  the  number  of  AJs,  which 
limits  stem  cell  expansion  by  activating  the  Hippo  cascade  and 
repressing  YAP  activity.  Conversely,  a  decrease  in  cellular  den¬ 
sity,  as  in  a  growing  embryo  or  after  wound  injury,  leads  to  the 
translocation  of  YAP  into  the  nucleus  and  increased  stem  cell  pro¬ 
liferation.  As  a  result  of  defects  in  this  molecular  circuitry  (e.g.,  in 
instances  where  a-catenin  is  deleted,  14-3-3  inactivated  or  YAP 
overexpressed)  hyper-proliferation  of  undifferentiated  progenitors 
and  tumors  may  occur  [54]. 

The  role  of  YAP  in  mouse  keratinocytes  was  shown  to  be 
mediated  by  the  TEAD  transcription  factors  both  in  cell  culture 
experiments  [54,100]  as  well  as  in  vivo  [54].  A  single  point  muta¬ 
tion  in  YAP  (serine  79  to  alanine)  prevents  the  binding  of  YAP  to 
the  TEAD  transcription  factors.  Replacing  the  endogenous  YAP  with 
the  YAP-S79A  isoform  in  mouse  skin  is  sufficient  to  recapitulate 
the  phenotype  observed  in  the  l<14cre  YAP  cKO  embryos,  show¬ 
ing  that  the  effect  of  YAP  on  proliferation  in  the  skin  is  heavily 
TEAD-dependent  [54]. 

Interestingly,  while  liver-  and  intestine-speciflc  deletion  of 
Mstl  /2  recapitulate  the  effect  of  YAP  overexpression,  the  skin- 
specific  deletion  of  the  Mstl  /2  kinases,  which  require  binding  to 
Salvador/WW45  for  their  activation,  produced  no  effect  in  mice  up 
to  5  months  of  age  [54].  This  lack  of  effect  on  the  Hippo  pathway 
activity  following  deletion  of  the  Mstl  /2  kinases  was  also  previ¬ 
ously  observed  in  mouse  embryonic  flbroblasts  (MEFs)  [89].  This 
variability  in  the  effect  of  Mstl/2  deletion  on  the  Hippo  pathway 
activity  suggests  that  although  well-conserved  evolutionarily,  the 
Hippo  pathway  is  likely  to  display  several  tissue/context-specific 
functions  and  that  the  role  of  WW45/Salvador  could  be  broader 
than  its  function  as  deflned  in  the  Hippo  pathway. 

5.4.  Nervous  system 

Neural  progenitor  cells  are  responsible  for  generating  the  mul¬ 
titude  of  cell  types  composing  the  mature  central  nervous  system 
(CNS).  YAP  is  expressed  in  neural  progenitor  cells  in  mouse, 
Zebraflsh,  frog,  and  chick  neural  tubes,  and  co-localizes  with  Sox2, 
a  neural  progenitor  marker  [84,1 03,1 04].  The  massive  expansion  of 
neural  progenitors  observed  in  conditions  where  the  Hippo  path¬ 
way  is  inactivated  (loss  of  Mstl/2  or  Latsl/2,  or  overexpression  of 
YAP)  is  partially  due  to  an  upregulation  of  cell  cycle  and  sternness 
genes,  and  a  concomitant  decrease  in  key  differentiation  genes. 
Inversely,  an  active  Hippo  pathway  (mimicked  by  YAP  loss-of- 
function  models)  leads  to  an  increase  in  cell  death  and  in  premature 
neuronal  differentiation  in  chick  neural  tube  [103].  In  Xenopus  lae- 
vis,  overexpression  of  YAP  induces  the  expansion  of  Sox2+  neural 
plate  progenitors  and  Pax3+  neural  crest  progenitors  and  maintains 
them  in  an  undifferentiated  state  for  a  longer  period.  This  effect  is 
accompanied  by  a  decreased  expression  of  differentiation  mark¬ 
ers  [104].  Interestingly,  the  effects  of  YAP  overexpression  already 
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display  tissue-specificity  within  the  embryonic  ectoderm  since  not 
all  the  progenitor  types  or  Pax3  expressing  cells  were  expanded 
following  YAP  overexpression  [104]. 

YAP  is  also  highly  expressed  in  cerebellar  granule  neural  precur¬ 
sors  (CGNPs)  as  well  as  in  tumor-propagating  cancer  stem-like  cells 
in  the  perivascular  niche  [105].  Indeed,  high  level  of  YAP  expres¬ 
sion  in  CGNPs  is  associated  with  medulloblastomas,  a  brain  tumor 
common  in  children,  which  is  characterized  by  an  expansion  of 
cells  with  a  CGNP-like  phenotype  [105].  Medulloblastomas  forma¬ 
tion  and  CGNPs  expansion  are  both  dependent  on  activation  of 
the  Sonic  hedgehog  pathway  (Shh).  Shh  was  shown  to  induce  the 
nuclear  localization  of  YAP,  which  promotes  the  proliferation  of  the 
CGNPs,  placing  YAP  at  the  intersection  of  multiple  developmental 
pro-proliferative  signaling  cascades  (such  as,  but  not  limited  to,  Shh 
and  Notch)  that  were  classically  thought  to  act  in  a  parallel  fashion 
to  control  brain  development  in  mammals  [105]. 

5.5.  Heart 

Contrarily  to  other  tissues  such  as  liver,  the  role  of  Hippo  signal¬ 
ing  in  the  heart  is  just  beginning  to  be  delineated.  It  was  recently 
shown  that  a  cardiac-specific  activation  of  the  Hippo  pathway 
(either  following  deletion  of  WW45,  MSTl/2  or  LATS2  or  follow¬ 
ing  the  overexpression  of  YAP)  results  in  embryos  displaying  a 
cardiomegaly  phenotype  due  to  an  increase  in  cardiomyocyte  num¬ 
ber  and  proliferation.  Conversely,  the  cardiac-specific  deletion  of 
YAP  leads  to  myocardial  hypoplasia  [72,73,106].  Genetic  stud¬ 
ies  revealed  that  YAP  interacts  with  p-catenin  to  intensify  Wnt 
signaling  output,  a  well-known  promoter  of  sternness  and  pro¬ 
liferation  in  the  heart,  and  the  loss  of  p-catenin  in  WW45/SAV1 
null  mouse  hearts  suppressed  this  overgrowth  phenotype  [73 ].  Fur¬ 
thermore,  in  an  independent  study,  Xin  et  al.  also  reported  similar 
findings  and  proposed  a  model  in  which  YAP  activates  the  insulin¬ 
like  growth  factor  (IGF)  pathway,  resulting  in  the  inactivation  of 
glycogen  synthase  kinase  3p  (GSl<-3p)  leading  to  inactivation  the 
Wnt  degradation  complex  [72].  Consistently  with  these  results,  the 
small  molecule  BIO,  a  GSl<-3p  inhibitor,  and  the  phosphatidyli- 
nositol  3-kinase  (P131<)-Akt  signaling  pathway  were  also  shown 
to  promote  cardiomyocyte  proliferation  [107,108].  Taken  together, 
these  studies  show  that  YAP  promotes  embryonic  and  neonatal  car¬ 
diomyocyte  proliferation  in  vitro  and  in  vivo.  The  proliferative  role 
of  YAP  in  the  heart  is  attributable  to  its  interaction  with  p-catenin 
in  the  nucleus,  directly  promoting  a  sternness  gene  expression  pro¬ 
gram,  while  indirectly  intensifying  Wnt  signaling  output  via  the  IGF 
pathway  [72,73,106,107,109]. 

5.6.  Cancer 

Cancer  stem  cells  (CSCs)  are  instrumental  for  the  maintenance 
of  the  tumor  niche  and  are  the  driving  force  of  tumor  initiation 
and  disease  progression.  Being  more  difficult  to  eliminate  as  the 
tumor  grade  increases,  CSCs  are  thought  to  be  responsible  for  most 
cancer  relapses  and  are  the  target  to  aim  for  in  order  to  successfully 
eradicate  the  tumor  and  halt  disease  progression  [110]. 

Recently,  via  profiling  of  human  breast  cancer  tumors  of  epithe¬ 
lial  origin,  Cordenonsi  et  al.  [1 10]  elegantly  showed  that  TAZ  acts  a 
molecular  determinant  of  the  biological  properties  associated  with 
breast  CSCs.  They  showed  that  high  levels  of  nuclear  YAP/TAZ  cor¬ 
related  with  an  increased  histological  grade  of  the  tumors  and, 
consequently,  number  of  CSCs.  Moreover,  TAZ  levels  are  enriched 
in  prospective  CSCs  and  activation  of  TAZ  in  the  more  differenti¬ 
ated  non-CSC  tumor  cells  could  promote  the  reactivation  of  their 
self-renewal  potential  [110]. 

Furthermore,  they  showed  that  the  delocalization  of  the  cell 
polarity  protein  Scribble  from  the  cellular  membranes  resulted  in 
increased  TAZ  activity  levels,  by  inhibition  of  the  Hippo  kinases,  and 


promoted  a  CSC-like  state.  This  study  links  basolateral  cell  polarity 
complexes.  Hippo  signaling  and  epithelial-to-mesenchymal  tran¬ 
sition  (EMT)  and  provides  a  plausible  explanation  to  the  current 
conundrum  regarding  the  role  of  TAZ  in  promoting  EMT  in  high- 
grade  tumors  [110]. 

6.  Conclusions 

It  is  now  becoming  clearer  that  activation  of  the  Hippo  pathway 
promotes  quiescence  or  differentiation  at  the  expense  of  prolif¬ 
eration  in  embryonic  and  adult  epithelial  tissues.  It  is  interesting 
to  speculate  that  modulation  of  Hippo  pathway  activity  could  be 
exploited  to  increase  the  regenerative  potential  of  terminally  dif¬ 
ferentiated  organs  with  poor  intrinsic  regenerative  capacity  such 
as  brain  and  neuronal  tissue,  or  to  promote  CSCs  differentiation  to 
halt  tumor  progression.  There  is  potential  for  therapeutic  interven¬ 
tion  targeting  the  Hippo  pathway  in  mammals,  although  a  better 
knowledge  of  the  molecular  mechanisms  and  other  interplaying 
pathways  is  a  prerequisite.  Considering  the  recent  findings  involv¬ 
ing  the  Hippo  pathway  in  the  transduction  of  signals  from  the 
cellular  environment,  the  in  vitro  recapitulation  of  the  in  vivo  condi¬ 
tions  via  3D  culture  models  or  the  development  of  coating  matrices 
recapitulating  the  physical  properties  of  the  desired  tissue-specific 
niche  will  be  instrumental  to  a  successful  manipulation  of  the  Hippo 
pathway  in  a  stem  cell  therapy-oriented  manner.  One  of  the  main 
challenges  will  be  to  achieve  a  transient  inhibition  of  the  pathway 
activity  in  the  cultured  stem  cells  to  produce  expansion  and  main¬ 
tain  pluripotency  while  permitting  the  targeted  differentiation  in 
the  proper  cell  type  upon  removal  of  the  signal  and  cell  transplanta¬ 
tion.  In  addition,  the  transient  nature  of  the  Hippo  inhibitory  signal 
intervention  is  of  crucial  importance  to  avoid  and  impairment  of 
differentiation  as  well  as  the  malignant  transformation  associated 
with  prolonged  YAP  activation  in  undifferentiated  progenitors. 
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